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We have isolated a human cDNA clone encoding a novel 
protein of 22 kDa that is a human counterpart of the rat 
oncoprotein PTTG. We show that the corresponding 
gene (hpttg) is overexpressed in Jurkat cells (a human T 
lymphoma cell line) and in samples from patients with 
different kinds of hematopoietic malignancies. Analysis 
of the sequence showed that hPTTG has an amino- 
terminal basic domain and a carboxyl-terminal acidic 
domain, and that it is a proline-rich protein with several 
putative SH3-binding sites. Subcellular fractionation 
studies show that, although hPTTG is mainly a cytosolic 
protein, it is partially localized in the nucleus. In addition 
we demonstrate that the acidic carboxyl-terminal region 
of hPTTG acts as a transactivation domain when fused 
to a heterologous DNA binding domain, both in yeast 
and in mammalian cells. 

Keywords: PTTG; oncogene; transcription; tumorigen- 
esis 



Introduction 

Cancer is a disease of genes that arises via a multistep 
process in which a normal somatic cell progresses to a 
fully malignant tumor through a recurrent mechanism 
of clonal expansion triggered by genetic lesions 
(Vogelstein and Kinzler, 1993). These lesions include 
mutations, but also aberrant expression, of protoonco- 
genes or tumor suppressor genes. 

Gene transcription is a key regulatory point in 
diverse developmental processes such as cell growth, 
differentiation, apoptosis and transformation. The 
transcription factors are often tightly regulated and 
the activities of these proteins can be modified at a 
variety of levels. Their inappropriate expression may 
subvert normal programs of cell proliferation, differ- 
entiation, and survival. Genes coding for transcription 
factors are the most frequently affected by altered 
expression in acute leukemias, emphasizing the critical 
role of these regulatory molecules in blood cells 
development (Shivdasani and Orkin, 1996). Activation 
of transcription factors such as wye, hoxU. Imol, 
lmo2, tall, Ml, tal2, artill, cbfP, mil and pbx is involved 
in acute leukemias (reviewed in Hwang and Baer, 1995; 
Look, 1997). However, a much larger number of genes 
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are probably involved in primary and secondary 
processes responsible for the acquisition of the 
phenotype of tumor cells. Identification of these genes 
and analysis of their functions is helping efforts to 
understand the mechanisms of tumorigenesis, as well as 
the normal physiology of eukaryotic cells. 

The rat proteih PTTG (Pei and Melmed, 1997) was 
identified because of the differential expression of its 
mRNA in pituitary tumor cells, lis overexpression was 
able to induce cell transformation in vitro in mouse 
3T3 cells, and tumor formation in nude mice. 

Now we have cloned a human cDNA homologue of 
pttg. This gene, named hpttg, is overexpressed in Jurkat 
cells as well as in leukocytes from patients with 
different kinds of hematopoietic neoplasms or myelo- 
dysplastic syndromes. In contrast, its expression in 
samples obtained from normal donors is very low or 
undetectable. Analysis of the sequence showed that the 
protein contains an amino-terminal basic domain and a 
carboxyl-terminal acidic domain. In many eukaryotic 
transcription activators, the presence of an acidic 
reeion in the carboxyl terminus correlates with the 
transactivation domain (Ptashne, 1988). Importantly, 
we demonstrate that the acidic C-terminal region of 
hPTTG acts as a transactivation domain when fused to 
a heterologous DNA binding domain. 



Results 

Molecular cloning of human pttg cDNA 

After screening a Jurkat cell oligo(dT) cDNA library 
by the yeast" two-hybrid system with Grb3-3 (an 
isoform of Grb2) as a bait, several positive clones 
were isolated (Ramos-Morales et ai. 1997). The cDNA 
insert from one of these clones (g24) contained a 700 
base pairs (bp) insert and carried a poly-A tail as 
expected. An open reading frame was detected in these 
sequence but the first ATG codon was not preceded of 
any in-frame stop codon. In order to obtain additional 
sequence, a screening of a /.gtll human thymus 
oligo(dT) cDNA library was performed using the 
insert from clone g24 as a probe. Three clones were 
obtained and the cDNA inserts were subcloned into 
pBluescript and sequenced. The three clones were 
different in size but identical in the overlapping 
sequence. 

As shown in Figure la, the longest sequence 
comprises 787 bp and contains an open reading frame 
of 609 bp. The presence of an in-frame stop codon 
upstream of the predicted initiation codon indicates 
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that the complete coding sequence was present in this 
clone as well as in g24. The predicted protein sequence 
consists of 202 amino acids and has a calculated 
molecular mass of 22 024 daltons and a pi of 6.55, 



1 (TTCTCKACACTCCTAGGATAGAAACTmKrrATCTTCXrrATACCTTTTCTTCTTC 
73 AATATCTATTTCTCATTCTTACAATAATCCACAATCCXTACTCTMTCTATCTTC 
I MATLIYVOKENCE 

1 i 5 CCAGtXACCCr.7r7rt;GTTr^AACXUTCXGCTGAAr,CTGGGGTCT(KACCTTCAATCAAAt;CC^ 
i^PGTRVVAKDGLKLCSGPS I KA LOG 

217 ACyVTCTCAAGTTTCAACACCACCTTTTGGCAAAACGTTCCATGCCCCACCAGCCTTACCTAAACCTACT^ 
JSRSOVSTPRFCKTPOAPPALPKATR 

189 AAGGCTITCGGAACTGTCAACAGAGCTACAGAAAACTCTGTAAAGACCAAGCCACCCCTCAAACAAAAACAG 
S2KALGTVNBATEKSVKTKGPLK0KQ 

361 CCAAGCTTTTCTCCCAAAAACATGACTGACAACACTCriTAAACXrAAAAACCTCTC^ 
S5PSFSAKKMTEKTVKAKSSVPASDD 

433 GCCTATCCACAAATACAAAAATTCTITCCCTTCAATCCTCTAGACTTrGACAGTTTrGACCTC^ 
JIOAYPEIEKFFPFNPLDFESFULPEE 

5 0 5 CACCAGATTGCGCACCTCCCCTTGAtrrCGAGTGCCTCTCATGATCCrrGACGACKAGAGAGAGCT^^ 
I34HQIAHLPLSCVPLHILDEERELEK 

S77 CTGTTTCACCTGCCCCCCCCTTCACCTCTGAAGATGCCCTCTCCACCATGGGAATCCAA 
J5SLF0LCPPSPVKMPSPPWESNLL.gS 

649 CCTTCAAGCATTCTGTCGACCCTCGATCTTGAATTCCCACCTCnTTCCT 

IS^PSSILSTLDVELPPVCCDIDI • 302 
721 TAGTCCTTCACAGTTTGTGTCTATTrGTATTAATAAACCATTCTTTAACACy^^ 7 87 



11.2 



2— ^ II \i n m) f 



3.8 



-COCH 



101 



202 



aa 



human 1 matliyvdkenc:epgtrwakdgl.klgsgpsikaldgrsqvstprpgktf 50 

t 1 N I : I I 1: I : I I I . I . I I I I I I I I I : I I M I : I I I 1 1 I . t I . I 
rat 1 MATLIFVDKDOTEPGSRlJtSKDGLKLGSG. .VKALDGKL-QVSTPRVGKVF 48 

human 51 DAPPALPKATRKALGTVNRATEKSVKTKGPLKQKQPSFSAKKMTEKTVKA 100 

: I i : I I M . I I I I I M I I ■ I I t . t I . . 11- I I t . : I ■ I I : I I I . . I . 
rat 49 GA. PGLPKASRKAIXnVNRVTEKPVKSSKPLQSKQPTLSVKKITEKSTKT 97 

human 10 X KSSVPASDDAYPEIEKFFPFNPLDFESFDLPEEHQIAHLPLSGVPLMILD 150 

I . I I . I I I I { I I I I I I I I : I I 11 I II I I 1 I I I I I . I I I . n I 1 I H : 
rat 98 QGSAPAPDDAYPEIEKFFPFDPLDFESFDLPEEHQISIXPLNGVPU1ILN 147 

human 151 EERELEKLFQLGPPSPVKMPSPPWESNLLQSPSSILSTLDVELPPVCCDl 200 

I M : t I I I : : 1 : ] I H : ■ . I Mil: t . I | . I I I . M I I I I I I I : I 
rat 148 EERGLEKLLHLDPPSPLQKPF1.PWESDPLPSPPSALSALDVELPPVCYDA 197 

human 201 DI 202 
I I 

rat 198 DI 199 

Figure 1 Cloning and sequencing of hpttg. (a) cDNA and 
predicted amino acid sequence of hpttg. The sequence is available 
from EMBL/GenBank under accession number AJ223953. (b) 
Schematic representation of hPTTG protein. The protein can be 
divided in two domains, an amino-terminal domain with 
isoelectric point 11.2 and a carboxyl-terminal domain with 
isoelectric point 3.8. Putative motifs are indicated as follows: P: 
Pro-X-X-Pro motif (putative SH3-binding motiO, #: Protein 
kinase C phosphorylation site. §: cyclic-AMP and cyclic-GMP 
dependent protein kinase phosphorylation site. *: Casein kinase 
phosphorylation site, (c) Amino acid sequence alignment of 
human and rai PTTG. A BESTFiT comparison is shown. Both 
sequences are 72% identical and 82% similar 



The PROSITE Dictionary of Protein Sites and 
Patterns revealed consensus motifs for cyclic AMP 
and cyclic GMP dependent protein kinase phosphor- 
ylation, casein kinase II phosphorylation and protein 
kinase C phosphorylation. The secondary structure and 
charge display of the protein was predicted using the 
programs PeptideStructure and Pepstats (not shown). 
According to these analyses, the protein can be divided 
in an amino-terminal basic domain (amino acids I to 
101) of pi 11.2 and a carboxyl-terminal acidic domain 
(amino acids 102 to 202) of pi 3.8. It is of note the 
high content in prolines (12%) and the presence of 
several proline motifs that could mediate interaction 
with SH3 domain containing proteins (Figure lb). 

When the cDNA sequence was used to search the 
EMBL and GenBank data bases for homologous 
sequences, 79% identity was found with a recently 
isolated rat gene, pttg, that is exclusively expressed in 
pituitary tumor cell lines but not in normal pituitary 
(Pei and Melmed, 1997). The predicted human PTTG 
protein was 72% identical and 82% similar to the rat 
protein (Figure Ic). A search on the EST division of 
GenBank revealed many partial human sequences 
identical to g24. There were not human EST sequences 
more similar to rat pttg than the sequence contained in 
g24, so it probably corresponds to the human 
counterpart of pttg. To confirm this, g24 insert was 
used to screen a AZAPII rat testis oligo(dT) cDNA 
library. All clones obtained were identical to rat pttg in 
the coding region. 

Table 1 summarizes the results obtained when the 
predicted amino acid sequence of the new protein was 
used in a similarity search performed on databases 
SWISSPROT + TREMBL + TREMBLNEW with the 
Washington University version of the program 
BLASTP. The accession number, species, name, per 
cent of identity and similarity and length of similar 
segments are given for the ten sequences producing the 
highest scores. The highest score corresponds to rat 
PTTG. Most of the rest are histones or other DNA- 
binding proteins, including a known transcription 
factor: mouse stromelysin PDGF responsive element 
binding protein transcription factor (Sanz et al., 1995). 

In vitro transcription and translation of human pttg and 
analysis of expression by Western blotting 

To molecularly characterize the human PTTG 
(hPTTG) protein, a set of experiments was per- 
formed. First, as shown in Figure 2a, translation of 
the in vitro transcribed g24 clone generated a product 



Table ! Sequences producing high-scoring segment pairs after a similarity search with hPTTG using database SWALL and program BLASTP 



Accession number Species Name % Identity % Similarity Length of segments 
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Rattus norvegicus 


Pituitary tumor-specific 


72 


82 


202 


Q 13078 


Homo sapiens 


ARl DNA-binding protein 


29 


43 


194 


001332 


Caenorhabditis elegans 


F46A8.6 


32 


57 


71 


Q08864 


Vol vox carteri 


Histone Hl-1 


30 


43 


105 


Q60792 


Mus musculus 


Stromelysin PDGF 
responsive element binding 
protein transcription factor 


29 


42 


175 


D1023837 


Homo sapiens 


ICIAA0292 (fragment) 


29 


43 


194 


E274710 


Alnus giutinosa 


AG 13 protein precursor 


27 


51 


103 


P 19375 


Strongylocentrotus purpuratus 


Histone HI, early embrionic 


35 


50 


68 


Q02539 


Homo sapiens 


Histone Hl.l 


34 


49 


93 


P43277 


Mus musculus 


Histone HI. 3 


32 


46 


92 
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,1 ippareni molecular mass of approximately 29 kDa 
^^Ij 5QS-PAGE. NexL hPTTGAC124. a tVagmenl of 
•lone ii24. was subcloned into a pGEX-4T-2 bacterial 
l^.^pression vector in order to overproduce a glu- 
[ iihione-S-transferase (GST) fusion protein containing 
.luino acids 1 to 123 from human PTTG. A polyclonal 
antiserum was raised in rabbit against the GST fusion 
protein. The resulting immune rabbit serum (anti- 
hPTTG) reacted strongly with the fusion protein and 
with both GST and hPTTG moieties obtained after 
thrombin treatment (Figure 2b). The expression of 
hpttg was assessed in Jurkat cells by Western blotting 
with the rabbit polyclonal serum. Nonidet P-40 lysates 
were resolved by SDS-PAGE, transferred to a 
nitrocellulose filter, and revealed with the polyclonal 
serum anti-hPTTG. A band of apparent molecular 
mass of 29 kDa was observed, confirming the result 
obtained by in vitro transcription and translation of 
clone g24 (Figure 2c). 
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Figure 2 hPTTG protein analysis, (a) In vitro transcription and 
translation of hPTTG. In vitro transcription and translation of 
hPTTG product was analysed by SDS-PAGE on a 10% 
polyacrylamide gel. (b) Analysis of bacterial fusion proteins with 
anli-hPTTG rabbit serum. 1 //g of GST plus thrombin-released 
liPTTGAC124 was electrophoresed, blotted, and probed with 
anti-hPTTG rabbit serum. The bands of lower molecular weight 
decorated by the antibody are the result of partial degradation of 
hPTTGAC124 and are also detected by Coomassie blue staining, 
(c) Immunoblot analysis of cell extracts. A Nonidet P-40 lysate 
from 5x10^ Jurkat cells was electrophoresed on a 15% 
polyacrylamide gel transferred to nitrocellulose filter, and 
immunoblotted with anti-hPTTG serum using the ECL system. 
Molecular weight markers are indicated in kDa 
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Tissue distribution of hitman pttg 

To investigate the expression of human pttg (hpttg). 
Northern blot analysis of mRNA from different human 
adult tissues was performed with g24 insert as a probe. 
As seen in Figure 3. a single band of about 900 bp was 
observed in some tissues. High level of expression is 
observed in testis, thymus and placenta. Very low or 
undetectable expression levels were observed in spleen, 
prostate, ovary, peripheral blood leukocytes, heart, 
brain, liver, skeletal muscle, kidney and pancreas. 

hpttg is overexpressed in hematopoietic tumors 

The low expression of hpttg in leukocytes (some 
expression is observed after long exposure in the 
Northern blotting), together with the fact that g24 
clone was obtained from Jurkat cells, prompted us to 
compare the expression of this mRNA in normal T 
lymphocytes and Jurkat T cells. Northern blot analysis 
showed a high e?Cpression in Jurkat cells whereas it was 
not detected in isolated peripheral T lymphocytes 
(Figure 4, left panel). Next the expression of hpttg 
was assessed in samples from patients with leukemia, 
lymphoma or myelodysplastic diseases (Figure 4, right 
panel). Twenty out of 28 patients (70%) expressed 
detectable levels of hpttg, in contrast with healthy 
donors, indicating that overexpression of this gene is 
correlated with hematopoietic diseases. 

Subcellular localization of HPTTG 

The localization of hPTTG was examined in Jurkat 
cells by subcellular fractionation. Western blot 
experiments performed on cytosol and nuclear 
fractions showed that hPTTG is mainly located in 
the cytosol. However, it is also partially localized in 
the nucleus (Figure 5). Quantification of the bands by 
scanning densitometry shows that about 15% of 
hPTTG is present in the nucleus of Jurkat cells. This 
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Figure 3 Northern blot analysis in normal tissues. Northern blot 
of poly(A)* RNA from the indicated human adult tissues 
(Clontech) with g24 cDNA and human ^-actin cDNA (bottom 
panel shows relative amounts of RNA on each lane) ; 



Figure 4 Overexpression of hpttg in hematopoietic neoplasms. 
Left panel: Expression of hpttg in Jurkat cells and normal T 
lymphocytes. Equal amounts of total RNA from Jurkat cells and 
isolated T lymphocytes from normal donors were used for 
Northern blot analysis. Right panel: Expression of hpttg in 
hematopoietic neoplasms. Total RNA from samples isolated from 
patients with the following hematopoietic diseases were used for 
Northern blot analysis: 1, plasmocytomas; 2, acute monoblastic 
leukemias; 3, acute myelomonocytic leukemia; 4, acute erythro- 
leukemia; 5, acute promyelocytic leukemia; 6, chronic myelomo- 
nocytic leukemia (chronic phase); 7, refractory anemia with ringed 
sideroblasts; 8, refractory anemia with excess blasts; 9, 
thrombocyiemia; 10, follicular lymphoma; 11, Hodgkin's 
lymphoma; 12, lymphoplasmoide lymphoma. RNA from normal 
perypheral blood leukocytes is included in 13. RNA concentra- 
tions were determined by optical density and equal amounts of 
each sample were loaded. g24 cDNA was used as a probe 
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estimation largely exceeds the 1% calculated of 
maximal contamination of cylosolic proteins in the 
nuclear fraction (see the Materials and methods 
section). 

liFTTG exhibits transcriptional activity in yeast 

The similarity of hPTTG to DNA-binding proteins 
together with the partial nuclear localization of the 
protein and the presence of an excess of negative 
charged residues in the C-terminal region, may suggest 
a function of hPTTG in transcription activation. In 
order to investigate this possibihty, g24 insert was 
subcloned into the two-hybrid vector pGBT9 to obtain 
a fusion between Gal4 DNA-binding domain and 
hPTTG. Saccharomyces cerevisiae strain HF7c, con- 
taining his3 and lacZ reporter genes under the control 
of Gal4-responsive elements, was transformed with 
plasmid pGBT9-hPTTG alone and tested for growth 
on selective medium and for j5-galactosidase activity. 
pGBT9-hPTTG was able to induce jS-galactosidase 
activity and to promote growth of HF7c in selective 
medium even when this medium was supplemented 
with 5 mM 3-amino-l,2,4-triazole (Figure 6). In order 
to elucidate the domain involved in this activation two 
subclones were made in the vector pGBT9. As seen in 
Figure 6, strain HF7c transformed with pGBT9- 
hPTTGAN122 (lacking amino acids 1-122) was still 
able to grow in selective medium, whereas the same 
strain carrying plasmid pGBT9-hPTTGAC124 (lacking 
amino acids 124-202) was not. These results show that 
the carboxyl-terminal domain of hPTTG is able to 
display a strong transcriptional activity in yeast. 

hPTTG transcriptional activity in mammalian cells 

To rule out the possibility that hPTTG activates 
transcription only in the yeast system, we examined 
the transcriptional activity of this protein using a 
mammalian cell line, Cos-7. g24 insert was subcloned 
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Figure 5 Detection of hPTTG in cytosol and nuclear fractions of 
Jurkat cells. Subcellular fractions from 5x 10^ Jurkat cells were 
separated on SDS-PAGE. transferred to nitrocellulose mem- 
brane and then probed with anti-hPTTG polyclonal antibody. 
The same filter was reblotied with anti-Rafl polyclonal antibody 
and anti-hnRNP C monoclonal antibody, respectively, to control 
the purity of the fractions. Exposure of 2 min using epichemilu- 
minescence Western immunobloiting system (ECL, Amersham) 



into the vector pGAL4. Cos-7 cells were colransfected 
with this plasmid and with the pGAL4-4TK-luc 
luciferase reporter plasmid. As seen in Figure 7, 
hPTTG shows transcriptional activity of the same 
level than the activity displayed by GAL4-VP16 
(Sadowski et aL. 1988), a strong transcriptional 
activator used as a positive control. Subclones 
hPTTGANl22 and hPTTGAC124 were also prepared 
in the vector pGAL4. Subclone hPTTGAN122 showed 
the same transcriptional activity as the full length 
hPTTG whereas subclone hPTTGAC124 was not able 
to activate transcription to a detectable level (Figure 7). 
Similar results were obtained in mouse NIH3T3 cells 
(not shown). These results confirm and extend the data 
obtained in yeast. 
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lj>>^ hPTTGAC 
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Figure 6 Transcriptional activation by hPTTG in yeast. HHc 
reporter strain was transformed with pGBT9 alone (-). pGBT9- 
hPTTG (hPTTG), pGBT9-hPTTGACI24 (hPTTGAC) or 
pGBT9-hPTTGANI22 (hPTTGAN). Growth in the absence of 
histidine and with 5 mM of 3-amino- 1 .2,4-triazole indicates 
transactivation. Each patch represents an independent transfor- 
mant. There are four patches for every strain 
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Figure 7 Transcriptional activation by hPTTG in mammalian 
cells. Different protein regions were fused to the GAL4 DNA 
binding domain and tested for activation by cotransfeciion of 
Cos-7 cells with a GAL4 site-dependent reporter plasmid driving 
expression of the luciferase gene. pGAL4-VPI6 (VPI6) contains 
the activation sequences of the VP 1 6 protein. pGAL4-hPTTG 
(hPTTG) contains full length hPTTG protein. pGAL4- 
hPTTGANI22 (hPTTGAN) fuses 80 carboxyl-terminal residues 
from hPTTG to GAL4 DNA-binding domain. pGAL4- 
hPTTGAC 124 (hPTTGAC) comprises 123 amino-terminai resi- 
dues from hPTTG. Luciferase values from at least three 
independent transfections are plotted as fold activation over 
control 



l)i>eussion 

lj> ihis studv we report the isolation and characteriza- 
,,|,n of a human counterpart of the rat gene pttg (for 
pituitary tumor-transforming gene) (Pei and Melmed, 
P^fg mRNA is highly expressed in GC and GH4 
rat pituitary tumor cell lines but not in normal 
pituitary or osteogenic sarcoma cells. Transfection 
experiments in mouse 3T3 cells and injection of 
transfected cells into athymic nude mice showed that 
pftg is a potent transforming gene. 

We have isolated hpttg cDNA from a Jurkat cDNA 
library. This fact together with the low expression 
observed in normal peripheral blood leukocytes 
prompted us to investigate the expression of this 
aene in normal T lymphocytes, Jurkat T cells and 
samples from healthy donors and from patients with 
leukemia or other hematopoietic neoplastic disorders. 
Our data show that hpttg is overexpressed not only in 
Jurkat cells but also in a high proportion of the 
primary tumors examined, indicating that this is not 
an artifact of cell culture. These results show an 
aberrant expression of the hpttg gene in leukemic cells 
and suggest the involvement of this gene in 
leukemogenesis. 

The mechanism that leads to ectopic expression of 
hPTTG is unknown. However, chromosomal translo- 
cations are present in a high proportion of leukemias. 
These structural rearrangements may activate proto- 
oncogenes that are silent or expressed at low levels in 
the progenitors cells of a particular lineage by placing 
them under the control of potent enhancer elements 
within the regulatory region of a gene that is normally 
highly expressed. Chromosomal translocations are 
found in 65% of acute leukemias (Look, 1997); a 
chromosome translocation to the IgH locus, most 
frequently into a switch region, is a nearly universal 
event in myeloma cell lines, and it appears to be 
equally frequent in primary tumor samples (Hallek e/ 
fl/., 1998). Studies of chromosome abnormalities 
associated with T cell acute leukemias have implicated 
an increasing number of different protooncogenes 
(Hwang and Baer, 1995). Chromosomal mapping of 
the hpttg gene in normal and leukemic cells could help 
to understand the cause of its aberrant expression. 

Among adult tissues examined, testis is the only 
tissue that expresses rat pttg. We have studied 16 
human adult tissues and we show that hpttg is 
expressed at high level in testis but also in thymus 
and placenta. Interestingly these organs are immune 
privileged sites. Immune privilege is a mechanism to 
protect some organs against dangerous and unwanted 
immune reactions (see Streilein (1993) for a review). 
Expression of FasL (the ligand for Fas/APO-l/CD95. 
a member of the TNF receptor superfamily) has been 
recently involved in immune privilege (Bellgrau et a!,. 
1995; Griffith et al.. 1995). This mechanism may also 
account for the ability of tumor cells to evade immune 
destruction. A relationship between overexpression of 
hPTTG and immune privilege would be an attractive 
mechanism to explain the tumorigenic potential of 
hPTTG that deserves further studies. On the other 
hand, comparison of the high expression observed in 
thymus with the undetectable levels observed in normal 
T cells suggests a role of hPTTG in normal 
hematopoietic development. , 
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Transcriptional activators are typically composed of 
distinct domains including separable DNA-bindinu and 
activation domains {for a review, see Triezenberg, 

1995) . This feature allows the use of a heterologous 
binding domain to study the activation domains when 
the physiological targets of a transcription factor have 
not been defined. This approach has been used to 
identify transcriptional domains in the oncoproteins 
BRCAl (Chapman and Verma. 1996; Monteiro et aL. 

1996) and BRCA2 (Milner et aL. 1997). By using the 
same approach, we show that the C-terminal portion 
of hPTTG (amino acids 123-202) is able to activate 
transcription of the hisS and lacZ genes in S. cerevisiae 
HF7c as well as the luciferase gene in mammalian cells, 
all driven by GAL4 responsive elements. Interestingly, 
the activation observed in mammalian cells has the 
same level as that displayed by VP 16, used for 
comparison, and considered as a very strong activator 
(Sadowski et ai, 1988). These results provide insight 
into the potential function of the hPTTG protein. They 
suggest that this pr'btein has the abiUty to stimulate 
transcription. 

The activation domains have been classified depend- 
ing on whether they are rich in acidic amino acids, 
glutamine or proline. Several mammalian proteins 
containing acidic-rich and/or proline-rich activation 
domains have been shown to stimulate transcription in 
5. cerevisiae (Lech et ai, 1988; Metzger et ai, 1988; 
Sadowski et aL, 1988; Schena and Yamamoto, 1988; 
Struhl, 1988) and in Schizosaccharomyces pombe 
(Remade et ai, 1997). The domain of hPTTG that 
shows transactivation capacity (amino acids 123-202), 
although rich in proline, seems to belong to the acidic- 
rich class since it contains 19% of acidic amino acids 
and has a net charge of - 12. 

Subcellular fractionation studies indicated that 
hPTTG is mainly cytoplasmic and partially localized 
in the nucleus. The controls of the purity of subcellular 
fractions included in Figure 5 demonstrate that there is 
no significant leakiness from one fraction to another 
and so the nuclear proportion of hPTTG is low but 
significant. A modulation of this localization could 
occur under proper conditions. This behaviour is 
observed in known transcriptional activators. The Stat 
proteins, for instance, are cytoplasmic in non-stimulated 
cells. In response to IFN-a treatment, Stat la, Stat l^ 
and Stat 2 become tyrosine-phosphorylated and migrate 
to the nucleus where they join a 48 kDa DNA-binding 
protein and subsequently direct the transcription at 
IFN-a responsive elements (Darnell 1997). 

Definite confirmation that transcriptional activation 
exhibited by hPTTG is physiologically relevant must 
await the demonstration of its DNA-binding activity, 
or its interaction with a DNA-binding protein, together 
with the identification of its target genes. 



Materials and methods 

Two-hybrid screen 

A cDNA library from Jurkat cell polyadenylated RNA 
constructed in fusion with Gal4-activation domain in 
pGADI318 (Hannon et al.. 1993) was used (Bartel et al., 
1993). S. cerevisiae strain Hf7c (MAT a trpl-901 Ieu2-3J12 
his3'200 ura3-52 lys-801 ade2-10I canr gal4-542 galSO-SSS 
LYS2::GAL1'HIS3 URA3::Gal4 binding site-CYC l-lacZ) 
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was grown at 30 C in YPD medium containing 1% yeast 
extract, 2*'o polypcptone and 2% glucose, and it was 
sequencially transformed with pGBT-Grb3-3 and the 
Jurkat cell cDNA library by the lithium acetate method 
(Sherman et aL, 1986). Double transformants were plated 
on yeast drop-out medium lacking tryptophan and leucine 
(Sherman et al.. 1986). They were grown for 3 days at 30''C 
and then colonies were patched on the same medium and 
replica-plated on Whatman 40 filters, to test the p- 
galactosidase activity (Breeden and Nasmyth, 1985), and 
on yeast drop-out media lacking tryptophan and leucine 
and supplemented with 5 mM 3-amino-l,2,4-tria2ole (Sher- 
man et aL. 1986) (the Gal4-Grb3-3 fusion protein had a 
weak transcriptional activity if yeast grew only in selective 
medium). Positive clones were rescued and tested for 
specificity by retransformation into Hf7c either with 
pGBT-Grb3-3 or with irrelevant targets. 

cDNA cloning and sequence analysis 

Clone g24, obtained after screening by the two-hybrid 
system, was subcloned in pGBT9 for transactivation 
experiments in yeast, and in pGAL4 for transactivation 
experiments in Cos-7 cells. The entire g24 insert was used 
as a probe to hybridize against a human thymus cDNA 
/.gtll library. The clones obtained were isolated and 
subcloned into pBluescript plasmid. The nucleotide 
sequence was determined by using an automated sequen- 
cer from Pharmacia. 

Nucleic acids and protein sequences were analysed by the 
University of Wisconsin Genetics Computer Group sequence 
analysis software package version 8.1 for UNIX computers 
(Devereux et al., 1984). Comparisons to known sequences 
were performed by BLAST (Altschul et ai, 1990) on- the 
Internet server. Secondary structure analysis was conducted 
with the software programs Pepstats and PeptideStructure 
(Kyte and Doolittle, 1982; Chou and Fasman, 1978; Gamier 
et aL 1978). 

Patients 

Peripheral blood, bone marrow or lymph nodes samples 
were obtained from patients who had been referred to the 
Hematology Department at Hopital Cochin (Paris). All 
specimens were collected before the initiation of therapy 
and were obtained from patients with hematopoietic 
disorders. The diagnosis was established on the basis of 
morphologic and cytochemical staining, and the patients 
were classified according to the criteria of the French- 
American-British committee. 



mRNA preparation and Northern blot analysis 

A poly(A)* RNA blot from Clontech was hybridized with 
--P-labeled cDNA insert from clone g24 and washed as 
described in the manufacturer's instructions. The mem- 
brane was stripped and rehybridized to a human j?-aciin 
cDNA control probe. Peripheral blood or bone marrow 
cells were isolated after Ficoll-Hypaque density gradient 
centrifugation and washed three times in Hank's balanced 
salt solution. RNA was extracted by the guanidium 
thiocyanate procedure. After precipitation in ethanol at 
— 20°C, RNA pellets were resuspended in water. RNA 
concentrations were determined by optical density, and 
samples were frozen at — 80X until use. RNA samples 
(10 /ig of total RNA) were denatured in glyoxal, dimethyl 
sulfoxide and phosphate buffer at 60°C during 10 min, size- 
fractionated by electrophoresis through 1% agarose gel 
and transferred to nylon membrane. Membranes were 
hybridized with random "P-Iabeled probe and washed 
under stringent conditions. The probe used in this study 
was the cDNA insert from clone g24. , 



Prcparaiion <>/ GST fusion proicifis and nthhit anii-liPTTCi 
fusion protein aniihodics 

A t'usion protein containing the complete insert from g24 
was constructed at the carboxyl terminus of GST using the 
prokaryoiic expression vector pGEX-4T-2. The subclone 
GST-hPTTGAC124 (lacking aminoacids 124-202) was 
also generated. Plasmids were transformed in Escherichia 
coli strain DH5a. Expression of the GST fusion proteins 
was induced by the addition of 1 mM isopropyl-/i-D- 
thiogalactoside and the fusion proteins were isolated from 
bacterial lysates by affinity chromatography with glu- 
tathione-agarose beads (Sigma). hPTTG was released 
from the fusion protein by treatment with 1% (w/w) 
thrombin in cleavage buffer (50 mM Tris-HCl, pH 7.5, 
150 mM NaCl, 2.5 mM CaCK) for 2 h at 25X. 
polyclonal antibody was generated in rabbit using th^ 
GST-hPTTGAC124 fusion protein. The antiserum ob 
tained after the fourth immunization, named anti- 
hPTTG, was used in the experiments described. 

Electrophoresis and immunoblot analyses 

Proteins were separated by SOS -PAGE on 10%, 12% or 
15% acrylamide gels (Laemmli, 1970) and stained with 
Coomassie brilliant blue. Gels were electrophorelically 
transferred to nitrocellulose filters (Towbin et al.. 1979^ 
and immunoblot analyses were carried out as describe^: 
(Rios et aL, 1994). 

Cell culture, lysis and subcellular fractionation 

Simian Cos-7 cells were cultured in Dulbeco's modified 
Eagle's medium (DMEM) supplemented with 10% foetal 
calf serum. Jurkat cells were cultured in RPMI medium 
supplemented with 10% foetal calf serum. 2 mM L- 
glutamine, 100 U/ml penicillin and 100 /^g/ml streptomycin 
were included in all culture media. All cells were mantained 
in a 5%) CO. humidified atmosphere at 37''C. For cell lysis, 
2x 10' to 10** cells per ml were incubated at 4°C in NP40 
buffer (10 mM Tris-HCl (pH 7.4), 150 mM NaCI, 10% 
glycerol, 1% NP40, 1 mM vanadate, 1% aprotinin, 1 mM 
PMSF, 1 pgjmX pepstatin and 1 //g/ml leupeptin) for 
20 min. The extract was centrifuged at 20 000 g for 
20 min and the supernatant was stored at -SO^C. 

Jurkat cell cytosol and nuclear fractions were prepared 
essentially as previously described (Dignam et aL, 1983). 
Monoclonal anti-hnRNP C (4F4) antibodies (provided by Dr 
G Dreyfuss, University of Pennsylvania) (Dreyfuss et aL, 
1984) and polyclonal anti-Rafl antibody (Santa Cruz 
Biotechnology, Inc., Santa Cruz. USA) were used in Western 
blot to control the purity of the fractions. Quantification of 
the bands by scanning densitometry indicated that 99% of 
Rafl, a cytosolic marker, was found in the cytosol. whereas 
98% of hnRNPC. a exclusively nuclear protein, was 
recovered in the nuclear preparation. 

Transactivation assays in mammalian cells 

Cos-7 cells were grown until confluent. Cells were 
cotransfected with plasmids pGAL4 (Morieel et aL, 
1997). pGAL4-VPI6, pGAL4-hPTTG, pGAL4- 
hPTTGANI22 or pGAL4-hPTTGAC124 all together with 
reporter plasmid pGAL4-4TFC-luc (MoriggI et aL, 1997). 
Cells were harvested 48 h after transfection. Cells were 
lysed and extracts were assayed for luciferase activity as 
described (Seth et aL, 1992). 
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Despite advances in characterizing the pathophys- 
iology and genetics of pituitary tumors, molecular 
mechanisms of their pathogenesis are poorly un- 
derstood. Recently, we isolated a transforming 
gene [pituitary tumor-transforming gene (PTTG)] 
from rat pituitary tumor cells. Here we describe the 
cloning of human PTTG, which is located on chro- 
mosome 5q33 and shares striking sequence ho- 
mology with its rat counterpart. Northern analysis 
revealed PTTG expression in normal adult testis, 
thymus, colon, small intestine, brain, lung, and fetal 
liver, but most abundant levels of PTTG mRNA 
were observed in several carcinoma cell lines. Sta- 
ble transfection of NIH 3T3 cells with human PTTG 
cDNA caused anchorage-independent transforma- 
tion in vitro and induced in vivo tumor formation 
when transfectants were injected into athymic 
mice. Overexpression of PTTG in transfected NIH 
3T3 cells also stimulated expression and secretion 
of basic fibroblast growth factor, a human pituitary 
tumor growth-regulating factor. A proline-rich re- 
gion, which contains two PXXP motifs for the SH3 
domain-binding site, was detected in the PTTG 
protein sequence. When these proline residues 
were changed by site-directed mutagenesis, PTTG 
in vitro transforming and in vivo tumor- inducing 
activity, as welt as stimulation of basic fibroblast 
growth factor, was abrogated. These results indi- 
cate that human PTTG, a novel oncogene, may 
function through SH3-mediated signal transduc- 
tion pathways and activation of growth factor(s). 
(Molecular Endocrinology 13: 156-166, 1999) 
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INTRODUCTION 

Tumorigenesls is a multistep process, involving acti- 
vation of oncogenes, growth factors, and their recep- 
tors, or the inactivation of tumor suppressor genes (1). 
Abnormal gene expression In tumor cells Is associated 
with several characteristics that differ from normal 
cells, such as cell differentiation (2), DNA repair (3), 
cell-cell communication (4, 5), cell-matrix interaction 
(6), tumor invasion, motility and metastasis (7. 8), an- 
glogenesis (9), and apoptosis (10). Despite major ad- 
vances in studying these characteristics, understand- 
ing tumorigenesis as a continuous, multifunctional 
process is still limited. 

Pituitary tumors are well differentiated adenomas 
accounting for -10% of intracranial neoplasms, and 
clinically silent pituitary microadenomas are encoun- 
tered in up to 23% of unselected adult autopsies (11, 
12). These monoclonal adenomas are either nonfunc- 
tioning and do not secrete pituitary trophic hormones 
or are functioning and secrete one or more hormones 
including PRL, GH, ACTH, or rarely, glycoprotein hor- 
mones. These hypersecretory syndromes are associ- 
ated with hypogonadism, infertility, acromegaly, 
Cushing's disease, or rarely, hyperthyroidism (13). 
Most pituitary tumors are histologically benign. True 
pituitary carcinomas are extremely rare, and docu- 
mentation of distant metastasis is the sole diagnostic 
criterion for malignancy (14). 

PItultar/ tumor pathogenesis has been extensively 
studied (15). Several Intrinsic mutations resulting in 
activation of tumor-promoting genes as well as inac- 
tivation of tumor suppressor genes have been de- 
scribed, including G protein {G^a) mutations (16, 17), 
rarely occumng ras mutations in Invasive tumors (18, 
19), loss of heterozygosity involving the 11q13 region 
(20), loss of purine-blnding factor gene (nm23) expres- 
sion (21), and, in mouse models, dismption of RB (22) 
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35-138 

Gene 5' 1[ — 



139-321 

-It- 



322-415 



416-574 575-713 



cDNA 



ATG46 



TAA654 



1 GCGGCCTCAG ATGAATGCGG CTGTTAAGAC CTCSCAAWUT CCAGAAISI3C 

51 TACTCTGATC TATGTTGATA AGGAAAATGG AGAACCAGGC ACCCGTGTGG 

101 TTCCTAAGGA TGGGCTGAAG CTGGGGTCTG GACCTTCAAT CAAAGCCTTA 

151 GATGGGAGAT CTCAAGTTTC AACACCACGT TTTGGCAAAA CGTTCGATGC 

201 CCCACCAGCC TTACCTAAAG CTACTAGAAA GGCTTTGGGA ACTGTCAACA 

251 GAGCTACAGA AAAGTCTGTA AAGACCAAGG GACCCCTCAA ACAAAAACAG 

301 CCAAGCTTTT CTGCCAAAAA GATGACTGAG AAGACTGTTA AAGCAAAAAG 

351 CTCTGTTCCT GCCTCAGATG ATGCCTATCC AGAAATAGAA AAATTCTTTC 

401 CCTTCAATCC TCTAGACTTT GAGAGTTTTG ACCTGCCTGA AGAGCACCAG 

451 ATTGCGCACC TCCCCTTGAG TGGAGTGCCT CTCATGATCC TTGACGAGGA 

501 GAGAGAGCTT GAAAAGCTGT TTCAGCTGGG CCCCCCTTCA CCTGTGAAGA 

551 TGCCCTCTCC ACCATGGGAA TCCAATCTGT TGCAGTCTCC TTCAAGCATT 

601 CTGTCGACCC TGGATGTTGA ATTGCCACCT GTTTGCTGTG ACATAGATAT 

651 T TAAA TTTCT TAGTGCTTCA GAGTTTGTGT GTATTTGTAT TAATAAAGCA 

701 TTCTTTAACA GATAAAAAAA AAAAAAAAAA 



1 MATLIYVDKE NGEPGTflWA KDGLKLGSGP SIKALDGRSQ VSTPRFGKTF 

51 DAPPA1- P»CAT WKALGTVNm TEJCSV^aKGP LXDKOPSFSA JCKMTEKTVKA 

101 KSSVPASODA YPEIEKFFPF NPLDFESFDL PEEHQIAHLP LSGVPLMILD 

151 EERELEKLFQ LGPPSPVKMP tPIWESNLLQ SPSSILSTLD VELPPVCCDI 

201 or 

Fig. 1. Human PTTG Genomic and cDNA Structure 

a, Human PTTG genomic structure, with numbering according to the cDNA sequence in panel b. The translation initiation (ATG) 
and'stop (TAA) codons in the cDNA are indicated. NT, Nontranslated region, b, Nucleotide sequence of human PTTG cDNA. The 
translation initiation and stop codons for the open reading frame are bold and underlined. The in-frame stop codon upstream of 
the initiation codon is boid and italicized, c, Amino acid sequence of PTTG protein deduced from the coding region of cDNA. The 
basic amino acid-rich domain is underlined, and the basic amino acid residues are bold and italicized. The proline-rich motifs are 
bold. 



and cyclln-dependent kinase inhibitors (23, 24). How- 
ever, only G protein mutations have reproducibly been 
identified in a subset of sporadic GH-secreting pitu- 
itary adenomas (25). The molecular etiology of these 
tumors remains elusive, and other mechanisms may 
be invoked in pituitary tumorigenesis. Recently, a 
novel pituitary tumor-transforming cDNA (PTTG) was 
isolated in our laboratory from rat GH4 pituitary tumor 
cells (26). Overexpression of rat PTTG resulted in cell 
transformation in vitro and induced /n vivo tumor for- 
mation in athymic mice. 

We now characterize the human pituitary tumor- 
transforming gene (PTTG). It is abundantly expressed 
in malignant tumor cells, as well as in some normal 
tissues, and potently transforms cells both in vitro and 
in vivo. Overexpression of PTTG in transfected NIH 
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3T3 cells increases basic FGF mRNA level as well as 
stimulates its secretion. As point mutations in a pro- 
line-rich region near the PTTG C terminus abrogate its 
transforming ability and block basic FGF production, 
PTTG function in tumorigenesis may involve intracel- 
lular SH3 signals and growth factor production. 



RESULTS 

Molecular Cloning of Human PTTG 

An open reading frame containing 609 bp was re- 
vealed in the positive clones obtained from human 
fetal liver cDNA library using a 0.6-kb rat PTTG cDNA 
as screening probe (Fig. 1b). The presence of an in- 
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Fig. 2. Chromosomal Localization as Determined by FISH 

a, Metaphase chromosomes hybridized with human PTTG probe {arTo\N a) and 5q21 control probe (an-ow b). b, Ideogram 
illustrating the chromosomal position of human PTTG at 5q33 according to the International System for Human Cytogenetic 
Nomenclature 1995. Ano\N indicates human PTTG position. 



frame stop codon before the predicted initiation codon 
suggests that it is connplete. The homology between 
DNA sequences of this open reading frame and the 
coding region of rat PTTG is 85%. Amino acid se- 
quence comparison between the translated product of 
this cDNA and rat PTTG protein reveals 77% identity 
and 89% homology. Since all positive clones were 
sequenced and no other cDNA fragment with higher 
homology was detected in the library, it appears that 
these cDNA clones represent human homologs of rat 
PTTG. 

GenBank search did not reveal a known protein with 
structural similarity to PTTG. However, we detected a 
basic amino acid-rich region near the N terminus (from 
position 58 to 101, with 32% basic amino acid resi- 
dues) and a proline-rich region near the C-terminus of 
human PTTG protein (Fig. 1c). This proline-rich region 
contains two PXXP motifs consistent with the previ- 
ously identified SH3-blnding site (27). The presence of 
these functional motifs suggests that human PTTG 
protein may be involved in SH3 domain-mediated sig- 
nal transduction pathways (28, 29). 

The human PTTG cDNA was used to screen a hu- 
man genomic library, and positive genomic clones 



were subjected to sequence analysis. The results were 
compared with the cDNA sequence of human PTTG 
and revealed four introns within the coding region 
(Fig. la). 

Chromosomal Localization of Human PTTG 

DNA from the Stanford Human-Hamster G3 Radiation 
Hybrid Mapping Panel was used as template in PGR 
reactions with PTTG-specific primers. The amplified 
products were sequenced to confirm that they indeed 
contain human PTTG sequences. By electronic anal- 
ysis at the Stanford Human Genome Center website, 
PTTG was localized to 21.01 centirads from the 
marker D5S2576 with a LOD score of 8.48. According 
to neighboring Genethon markers in the SCIENCE96 
Transcription Map, this marker is most likely located 
within the interval 5q32-34 of chromosome 5. 

This mapping result was further confimied by fluo- 
rescence \n situ hybridization (FISH), using a 16-kb 
human genomic fragment containing PTTG as a 
probe. The initial experiment resulted in specific label- 
ing of the distal long arm of a group B chromosome, 
which was believed to be chromosome 5 based on its 
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,e morphology, and banding pattern. In a second 
^xoeriment, a probe previously mapped to 5q21 was 
!ohybridized with PTTG, resulting in specific labeling 
of the middle and distal long arm of chromosome 5, 
respectively (Fig. 2a). Among a total of 80 metaphase 
cells analyzed, 63 exhibited specific labeling, showing 
that human PTTG is located at a position that is 84% 
the distance from the centromere to the telomere of 
chromosome arm 5q. an area corresponding to band 
5q33 according to the International System for Human 
Cytogenetic Nomenclature 1995. Thus, the results 
concur and localize PTTG to 5q33 (Fig. 2b). 

Tissue Distribution of Human PTTG mRNA 

The expression pattern of human PTTG mRNA in nomrial 
human adult and fetal tissues and in several human 
carcinomas is depicted in Fig. 3. A strong mRNA signal 
of approximately 0.8 kb was detected in human fetal liver 
(Fig. 3b). In normal human adult tissues, abundant PTTG 
expression was evident in testis. Strong expression was 
also observed in thymus, and weak expression signals 
were seen in colon, small intestine, brain, placenta, and 
pancreas (Fig. 3a). Interestingly, when human malignant 
tumor cells were tested, PTTG was found to be highly 
expressed in all cell lines examined (Fig. 3c). PTTG 
mRNA was also detected in several human pituitary tu- 
mors, including nonfunctioning, PRL-secreting, and 
ACTH-secreting tumors (Fig. 3d). No mutations of the 
PTTG-coding region in tumors were detected by RT- 
PCR followed by sequence analysis (data not shown). 

Effects of Human PTTG Overexpression on Cell 
Transformation and Tumor Induction 

Since a GeneBank search revealed no known proteins 
structurally similar to PTTG, its role in tumor formation 
is as yet unclear. However, the presence of a proline- 
rich region containing PXXP motifs near the C temni- 
nus of PTTG protein suggests that it may be involved 
in SH3-medlated intracellular signal transduction 
pathways. To explore the function of this domain and 
its relationship to PTTG-transforming ability, we con- 
structed human PTTG mutants by PCR-based site- 
directed mutagenesis. The following amino acid resi- 
dues in the SH3-binding motifs were mutated: P163A, 
P170U P172A, and P173L Mutant cDNA, as well as 
wild-type PTTG cDNA, was cloned into the mamma- 
lian expression vector under control of the cytomeg- 
alovirus (CMV) promoter and stably transfected into 
NIH 3T3 cells. Overexpression of wild-type and mutant 
PTTG in each transfected cell line was confirmed by 
Northern analysis, RT-PCR followed by direct se- 
quence analysis, and Western blot (Fig. 4). The point 
mutations did not change protein expression or sus- 
ceptibility to proteolysis, since PTTG protein with the 
same molecular weight was expressed in each trans- 
fected cell type at similar levels, as shown by Westem 
blot (Fig. 4c). The transforming ability of these cells 
was tested in an anchorage-independent growth as- 



say. We found that NIH 3T3 cells overexpressing 
PTTG formed large colonies (numbers ranged from 
198 ± 6 to 267 ± 23 colonies per plate, mean ± so) on 
soft agar, while control NIH 3T3 cells containing the 
same expression vector but lacking PTTG cDNA insert 
did not induce significant colony foci under the same 
conditions (22 ± 1 colonies per plate) (Table 1). In 
contrast, the number and size of colonies formed from 
NIH 3T3 cells expressing mutant PTTG were greatly 
reduced (ranging from 57 ± 6 to 60 ± 5 colonies per 
plate) (Table 1 and Fig. 5). Furthermore, when these 
cells were injected subcutaneously into athymic nude 
mice, PTTG-overexpressing cells caused tumor for- 
mation within 2 weeks in all five injected animals (tu- 
mor weights ranged from 560 to 1000 mg) (Fig. 6). In 
five mice injected with control transfectants (expres- 
sion vector alone), only one developed a much smaller 
tumor weighing only 100 mg. As expected, when cells 
expressing mutant PTTG were injected into nude 
mice, no tumor formation was observed even after 3 
weeks of injection (Fig. 6), consistent with the results 
obtained in the anchorage-independent growth assay. 
These results thus demonstrate the in vitro transform- 
ing activity and in vivo tumor-inducing potential of 
human PTTG and also strongly suggest that signaling 
protein(s) containing SH3 domain(s) mediate PTTG 
action. 

Stimulation of Basic FGF Expression and 
Secretion by Human PTTG 

As PTTG-expressing NIH 3T3 cells were able to Induce 
solid tumor growth in vivo, PTTG may activate growth 
factor and/or angiogenesis pathways. To test this hy- 
pothesis, we examined the expression of two important 
angiogenic factors, vascular endothelial growth factor 
(VEGF) and basic fibroblast growth factor (bFGF), in the 
PTTG-transfected NIH 3T3 cells. Northern analysis 
showed that, although no difference in VEGF mRNA 
expression was found in control and PTTG-transfected 
cells (data not shown), bFGF mRNA levels in PTTG- 
transfected cells were increased compared with mock- 
transfected control cells (Fig. 7a). In the cells transfected 
with mutant PTTG, the abundance of bFGF mRNA tran- 
scripts was low, similar to that observed in the control 
cells. 

To further confirm bFGF regulation by PTTG at the 
protein level, enzyme-linked immunosorbent assay 
(ELISA) was performed to examine bFGF levels in con- 
ditioned culture medium. As shown in Fig. 7b, bFGF 
levels were markedly higher in the conditioned me- 
dium collected from wild-type human PTTG transfec- 
tants cultured for 72 h than those from control and 
mutant transfectants. Differences of total protein con- 
centrations in these cultures were less than 10%. 
Therefore, PTTG not only enhances bFGF mRNA lev- 
els, but also stimulates bFGF secretion. The PTTG 
proline-rich region containing two SH3-binding motifs 
appears critical for this function. 
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Rg. 3. Tissue Distribution of Human PTTG mRNA 

Two micrograms of poly A'^ RNA derived from the indicated tissues were loaded in each lane. Top panel shows result of 
Northern hybridization to PTTG cDNA probe, and bottom panel shows hybridization to p-actin probe (control), a. Normal human 
adult tissues, b, Normal human fetal tissues, c, Human cancer cells. From left to rigtit promyelocytic leukemia HL-60; HeLa cell 
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DISCUSSION 

lA/e have isolated a human gene that shows a striking 
tructural similarity (85% identity for cDNA and 89% 
^imilarity for amino acid sequences) to rat PTTG. Hu- 
man PTTG is located on chromosome 5, at position 
5q33. Like its rat counterpart, it induces cell transfor- 
mation in vitro and in vivo. 

In normal adult rat tissues. PTTG expression is re- 
stricted to the testis (26). The normal tissue distribution 
of human PTTG is also limited; however, it is not 
restricted to testis but is also expressed in thymus, 
colon, small intestine, and, weakly, in brain and pla- 
centa! indicating that it may also play a role in certain 
normal cellular functions. The expression of human 
PTTG in fetal liver, but not In adult liver, suggests that 
it is differentially regulated and possibly functions dur- 
ing development. Interestingly, PTTG is highly ex- 
pressed in all carcinoma cell lines tested, suggesting 
that it is a common and important factor for most 
malignant tumor types. 

The chromosomal location of human PTTG, 5q33, 
is associated with reports of recurrent neoplastic 
abnormalities, including myeloid leukemia, chronic 
myeloproliferative disorder, myelodysplastic syn- 
drome, squamous cell carcinoma, and lipoma (30). 
Using RT-PGR and direct sequencing, we examined 
PTTG in several human carcinoma cell lines, Includ- 
ing cervix carcinoma HeLa cell, choriocarcinomas 
JEG-3 and JAR, breast adenocarcinoma MCF-7, os- 
teogenic sarcoma U-2 OS, hepatocellular carcinoma 
Hep SB. lung carcinoma EY, and thyroid carcinoma 
TG-1 . Although no mutation was detected within the 
PTTG coding region, PTTG expression levels were 
high in all carcinoma cell lines tested. Thus, putative 
mutations in the gene-regulatory regions may cause 
PTTG dysregulation, and enhanced PTTG expres- 
sion may mediate neoplastic cell transformation. We 
also found that PTTG mRNA was expressed in sev- 
eral pituitary tumors, indicating that it may be in- 
volved in pituitary tumorigenesis. Interestingly. 
PTTG mRNA levels in benign pituitary tumors, in 
general, were much lower than in malignant carci- 
nomas (31). Therefore, although it seems that tumor 
PTTG expression correlates with malignancy, further 
confirmation is needed. 

The transforming ability and high level of PTTG ex- 
pression in malignant tumors demonstrate its involve- 
ment in tumorigenesis, although mechanisms of PTTG 
action and its relationship to other oncogene or tumor 
suppressor gene products is yet unclear. The pres- 
ence of a basic amino acid-rich region and a proline- 
rich region in PTTG protein provide insights regarding 
its function. Basic amino acid-rich domains have been 
suggested as a nuclear localization signal (31^), al- 



though the subcellular localization of PTTG is still un- 
determined. The proline-rich region of the human 
PTTG protein contains two PXXP motifs, which are 
potential binding sites for SH3-domains (27), impor- 
tant mediators of intracellular signal transduction (28, 
34). Several proteins have recently been identified to 
contain PXXP motifs and bind to SH3 domains, such 
as GDP/GTP exchange factor SOS (35. 36), protein 
kinases JNK and phosphatidylinositol 3-kinase (37, 
38), and the Abl oncogene product (39. 40). We report 
here that point mutations in the PXXP motif of human 
PTTG abrogated its transforming and tumor-inducing 
activity, despite expression of PTTG mRNA and pro- 
tein in these mutants. Thus, this PXXP motif is impor- 
tant for PTTG-mediated transformation. Alternatively, 
another mechanism for the function of this region 
could involve serine phosphorylation of adjacent re- 
gions (41). 

Interestingly, PTTG induces bFGF production at 
both the mRNA and protein levels. bFGF is a major 
activating factor for angiogenesis (42, 43), a neces- 
sary process for the expansion of the primary tumor 
mass as well as tumor metastasis (9, 44, 45). This is 
also in concurrence with our finding that transfected 
cells overexpressing PTTG cause formation of solid 
tumors in nude mice. Increased bFGF expression 
has been reported in several human tumors, such as 
pancreatic carcinoma (46), endometrial adenocarci- 
noma (47), advanced renal cell carcinoma (48), pri- 
mary breast cancer (49). and pituitary tumors (50), in 
. which it is considered a stimulating growth factor 
(51). Considering that the bFGF receptor is a protein 
tyrosine kinase and that PTTG increases bFGF pro- 
duction, we propose that one of the mechanisms of 
tumorigenesis by PTTG involves an SH3 protein in- 
teracting with PTTG, stimulating gene transcription 
and secretion of bFGF, and resulting in cell trans- 
formation and tumor formation. This hypothesis is 
supported by our observation that mutations of the 
proline-rich region, the potential SH3-binding site, 
abrogate bFGF production as well as cell transfor- 
mation. These results establish human PTTG as a 
potent tumor-promoting factor whose functions in- 
volve bFGF production and cell transformation. 



MATERIALS AND METHODS 

Library Screening 

A human fetal liver cDNA library (CLONTECH, Palo Atto, CA) 
was screened as described (51), using a 0.6-kb radioactively 
labeled cDNA fragment containing the entire rat PTTG coding 
region as a probe. The cDNA inserts from positive clones 
were subcloned into plasmid pBluescript-SK (Stratagene, La 
Jolla. CA) and subjected to sequence analysis using a Se- 



S3; chronic myelogenous leukemia K-562; lymphoblastic leukemia M0LT.4: Burkitt's lymphoma Raji; colorectal adenocarcm^^^^ 
SW480; lung carcinoma A549; melanoma G361 . d, Pituitary tumors. NF, Nonfunctioning tumor. PRU PRL-secreting tumor; ACTH, 
ACTH-secreting tumor. 
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Fig. 4. Wild-Type and Mutant PTTG Expression in Transfected NIH 3T3 Cells 

a, A representative Northern blot in which 20 ptg total RNA from each cell line were used to hybridize with human PTTG cDNA 
probe (top pane/) or ^-actin probe {bottom panel), b, A representative sequencing gel from RT-PCR followed by direct sequence 
analysis showing wild-type PTTG and mutant PTTG expression in a respective transfectant. The arrows point to nucleotide 
changes. A silent mutation f) was introduced to obtain equal melting points for the different primers, c, A representative Western 
blot in which 40 /ig protein extracted from each transfectant were analyzed using a purified anti-PTTG polyclonal antibody. C, 
Cell lines transfected with vector alone; WT, cell lines transfected with wild-type PTTG expression vector; M, cell lines transfected 
with mutant PTTG expression vector. 
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kit (United States Biochemical Corp., Cleveland. 
i^nTand SequeGel System (National Diagnostics, Atlanta, 

-^uman genomic library (Stratagene, La Jolla, CA) was 
"pned according to the manufacturer's protocol, using the 
artivelv labeled human cDNA clone containing the com- 
'ftP coding region as a probe. DNA from each positive 
n& Clone was purified using Lambda DNA preparation kit 
aagen Valencia, CA) and sequenced with a thermocycle 



Table 1. Colony Formation by PTTG- Expressing Cells in 
Soft Agar 



Cell Une 



Colonies/10'* Cells 
(mean ± sem) 



Vector alone 
Wild-type PTTG-1 
Wild-type PTTG-2 
Mutant PTTG-1 
Mutant PTTG-2 



22 ± 1 
198 ±6 
267 ± 23 
57 ± 6 
60 ±5 



Each transfectant cell line was plated in three different plates 
and scored on the 14th day. Only colonies consisting of 60 or 
more ceils were scored. Vector, NIH 3T3 cell line stably 
transfected with vector only; wild type PTTG, NIH 3T3 cell line 
stably transfected with wild-type PTTG expression vector; 
mutant PTTG, NIH 3T3 cell line stably transfected with PXXP 
motif-mutated PTTG (P163A, P170L. P172A, and P173L) ex- 
pression vector. ^ 



sequencing kit (Amersham, Arlington Heights, IL) and Sequa- 
Gel System (National Diagnostics). 

Determination of Human PTTG Chromosomal Location 

Chromosomal localization of human PTTG was determined 
by PCR analysis of the Stanford Human-Hamster G3 Radia- 
tion Hybrid (RH) Mapping Pane! (Research Genetics, Hunts- 
ville, AL) as well as by FISH. DNA from 83 samples in the G3 
RH mapping panel were amplified in 20- /il reactions contain- 
ing 50 ng DNA, 1.75 U Expand High Fidelity enzyme (Boe- 
hringer-Mannheim, Indianapolis, IN), 1 x reaction buffer with 
1.5 mw MgCIa, 0.2 mw deoxynucleoside triphosphates 
(dNTPs), and 300 nM human PTTG-specific primers, 5'-CT- 
GCCT-CAGATGATGCCTATCCAG-3'and 5'-CAAGCTCTC- 
TCTCCTCGTCAAGG-3'. The PCR reactions were perfomned 
for 35 cycles of 94 C, 1 5 sec; 60 C, 30 sec; 68 C, 2.5 min. PCR 
products were visualized in 1 % agarose gels stained with 
ethidium bromide and scored as positive ("1") if a strong 
(~3.5-kb PCR product) was visualized, negative ("0") if the 
band was not visualizfd, or ambiguous if a weak band was 
observed. The same results were obtained when the panel 
was again amplified with GIBCO-BRL (Gaithersburg. MD) Taq 
DNA polymerase. These data were submitted electronically 
to the Stanford Human Genome Center website to determine 
linkage to previously mapped markers. The FISH was per- 
formed at GenomeSystem, Inc. (St. Louis, MO). Briefly, a 
16-kb human genomic fragment containing PTTG was la- 
beled with digoxigenin dUTP by nick translation. Ubeted 
probe was combined with sheared human DNA and hybrid- 
ized to normal metaphase chromosomes derived from phy- 
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b. wild type PTTG 
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Rfl. 5. Colony Formation of NIH 3T3 Cells Transfected with Wild-Type and Mutant PTTG Expression Vector on Soft Aga^^ 

a. Cells transfected with vector pCI-neo alone, b. Cells transfected with vector f <=°"!^™"9 J-^^Pt ™ ^T^Ja 
Cells transfected with vector pCI-neo containing PTTG cDNA mutated in the proline-nch region ^^^\^^J°^l2Jr:J?° 
P173L) d High magnification of colonies formed from cells transfected with vector pCI-neo containing wild-type PTTG cDNA. 
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Tumor weight (mg) 
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wtPTTG 
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Fig, 6. Tumor Formation Induced by Human PTTG- Express- 
ing Cells in Nude Mice 

Each mouse was injected subcutaneously with 3x10^ 
control, wild-type PTTG-overexpressing, or mutant PTTG- 
overexpressing cells. After 2 weeks, mice were photo- 
graphed and killed, and their tumors were excised and 
weighed. Vector, Cell line transfected with vectors only; wt 
PTTG, cell line transfected with wild-type human PTTG ex- 
pression vectors; mPTTG, cell line transfected with mutant 
human PTTG expression vector; None, no detectable tumor. 
The mouse on the left was injected with control cells trans- 
fected with vector only. The mouse in the middle was injected 
with cells transfected with wild-type PTTG expression vector. 
The mouse on the right was injected with cells transfected 
with mutant PTTG expression vector. 



tohemagglutinin-stimulated peripheral blood lymphocytes. 
Specific hybridization signals were detected by incubating 
the hybridized slides in fluoresceinated antidigoxigenin anti- 
bodies followed by counterstaining with 4,6-diamidino-2" 
phenylindole (DAPI), 

Northern Blot Analysis 

RNA blots (CLONTECH, Palo Alto, CA) derived from nonmal 
human adult and fetal tissue, as well as from malignant tumor 
cell lines and fresh pituitary tumor specimens, were hybrid- 
ized with a 0.7-kb radiolabeled human cDNA fragment con- 
taining the complete coding region. Northem blot analysis 
was perfonned using ExpressHyb Solution (CLONTECH) or 
QuickHyb Solution (Stratagene, La Jolla, CA) according to 
the manufacturer's protocol. 

Western Blot Analysis 

An antirat PTTG^Iyclonal antibody was developed as de- 
scribed previously (26). This antibody was purified by a PTTG 
affinity column that couples 10 mg synthetic antigenic pep- 
tide with HiTrap A/-hydroxysuccinimide-activated column 
(Pharmacia, Piscataway, NJ) according to manufacturer's 
protocol. The affinity column was washed with 75 mM Tris- 
HCI, pH 8.0, until no protein appeared in the etuent. The 
purified antibody was eluted with 0.1 m glycine, 0.5 m NaOH, 
pH 2.7, and neutralized with each volume of 2 n Tris-HCI, pH 
8.0. Western blot was perfonned as described previously (26) 
using this purified antitx)dy (1:100 dilution). 

Stable Transfection of Human PTTG into NIH 3T3 Cells 

The complete coding region of human PTTG cDNA was sub- 
cloned in frame into mammalian expression vectors pBK- 
CMV (Stratagene) or pCI-neo (Promega, Madison, Wl) and 
transfected into NIH 3T3 fibroblast cells with Lipofectamine 
(GIBCO-BRL) according to the manufacturer's protocol. 
Twenty-four hours after transfection, cells were serially di- 
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Fig. 7. Human PTTG Stimulates bFGF Production 

a, A representative Northem blot in which 20 ptg total RNA from each cell line were used to hybridize with human bFGF cDNA 
probe (top panel) or 0-actin probe (pottom panef). b, bFGF concentration in conditioned medium derived from each PTTG 
transfectant cultured for 72 h as measured by ELISA. C, Cell lines transfected with vector alone; WT, cell lines transfected with 
wild-type PTTG expression vector; M, cell lines transfected with mutant PTTG (P163A, P170U P172A, and P173L) expression 
vector. 
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ri nrown in selection medium containing 1 mg/ml 
--•^ f o lueeks Individual clones were isolated and main- 

I n selection medium. Total RNA was isolated from 
^ PTTG-transfected cell lines as well as from control 
^""^^^n vjhlch the vector pBK-CMV or pCI-neo had been 

fp^ted Overexpression of human PTTG in each trans- 
l^redcell line was confimned by Northern blotting. 

Srte-Oirected Mutagenesis 

n nt mutations on the proline-rich domain of PTTG peptide 
IZ Generated by PCR-based site-directed mutagenesis. 
Setic oligonucleotides, 5'-GATGCTCTCCG- 
rACTCTGGGAATCC^^^ and 5'-TTCACAAGTT- 

rAfiGGGCGCCCAGCTGAAACAG-3', which would cause 
S^o acid changes P163A, P170L, P172A. and P173U were 
Tld to amplify human PTTG cDNA cloned into pBlue- 
Sriot-SK vector (Stratagene). The amplified cDNA contain- 
r\ (j^iese mutations was then cloned into pCI-neo (Promega) 
and used in stable transfection. Expression of mutated PTTG 
nroduct in transfected cells was confimned by Northern anal- 
ysis and RT-PCR followed by direct sequence analysis. 

In Vitro and in Vivo Transformation Assay 

Control and human PTTG-transfected cells were tested for 
anchorage-independent growth in soft agar (53). Three milli- 
ners of soft agar (20% 2x DMEM, 50% DMEM, 10% FBS. 
and 20% 2.5% agar, melted and mixed at 45 C) were added 
to 35-mm tissue culture dishes. Ten thousand celts were 
mixed with 1 ml soft agar and added to each dish. Cells were 
incubated for 2 weeks before colonies were counted and 
photographed. For /Vi vivo transformation, 1x10 control or 
human PTTG-transfected cells were resuspended in 400 til 
PBS and injected subcutaneously into nude mice (five mice 
for each group). After two weeks, animals were photo- 
graphed and tumors were excised and weighed. 

Hybridization with VEGF and bFGF cDNA Probes 

The cDNA probes for VEGF and bFGF were generated by 
RT-PCR using specific primers according to the published 
sequences (54, 55). These cDNAs generated from PGR were 
cloned and confirmed by sequence analysis. Total RNAs 
from cultured cells were extracted using Trizol Reagent 
(GIBCO-BRL) and used in Northern analysis as described 
previously (56). 

ELISA of bFGF in Conditioned Medium 

bFGF concentration in cell culture medium was assayed us- 
ing Quantikine HS Human FGF Basic Immunoasssay Kit (R&D 
Systems, Minneapolis. MN) according to the manufacturer's 
protocol. Cells (1 x 10^) were plated in 100-mm cell culture 
dishes. After 72 h, the culture medium was collected, and 1 
ml was lyophilized and resuspended in 200 ptl PBS for ELISA 
assay. 
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ABSTRACT 

To identify predictors of prognosis after preoperative 
radiotherapy, DNA ploidy and ceU proUferation were inves- 
tigated in 116 patients with rectal cancer. For flow cyto- 
metry, a nuclear suspension was prepared by pepsin digestion 
of paraffin samples of biopsies taken before preoperative 
radiotherapy (15 x 2 Gy) and also of the resected rectal 
tumors after radiotherapy. The median foUow-up period 
was 6 years. The proportion of tumor necrosis was evaluated 
in histological sections before and after irradiation. There 
was a significant decrease (74 to 48%) in aneuploid tumors 
after radiation. Of 86 patients with aneuploid biopsies, 28 
revealed no reduction in the proportion of aneuploid tumor 
cells [group AN(=/ 1 )1» and 58 showed a reduction (mean 
48.9%) or complete elimination of aneuploid tumor cells 
[group AN( i /0)]. The incidence of local or distal faUure 
was significantly reduced in the group AN( i /0) (7.8%/ 
20%), compared witii the group AN (=/ 1 ) (27%/54%) and 
the group of constant diploid tumors (n = 22; 13.6%/31.8%; 
P = 0.034). There was a trend of decreased recurrence rate 
in diploid tumors with a reduced fraction of cells in S-phase 
after radiotherapy. Survival was significantiy increased in 
group AN( i /0) (P < 0.0001). In a multivariate regression 
analysis, variables of independent prognostic significance 
were increased proportion of necrosis after irradiation and 
DNA ploidy group and the postoperative tumor stage. These 
results suggest that alterations in tumor DNA ploidy and cell 
proliferation induced by preoperative radiotherapy might 
help to identify patients likely to benefit from preoperative 
radiation in rectal cancer. 
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INTRODUCTION 

Cancer of the rectum is a common visceral tumor that for 
decades has been managed primarily by surgery alone. Survival 
and local recurrence rates in rectal carcinoma after curative 
surgical resection have remained static for many years. Recent 
studies, evaluating pre- and postoperative radiotherapy with 
cumulative doses between 25 and 50 Gy, could demonstrate a 
significant reduction in local recurrence and (1, 2), in combining 
postoperative radiotherapy with chemotherapy, an increased 
survival (3). When comparing pre- and postoperative radiother- 
apy modalities at similar d?>ses, preoperative radiotherapy ap- 
pears to be more efficient in reducing local failure rate (4), and 
recently, one study has shown improved survival over surgery 
alone (5). 

Several smdies have been reported on flow cytometric 
DNA measurement in human tumor biopsies to obtain prognos- 
tic data from tumor ploidy and cell proliferation. In head and 
neck (6), cervix (7), and bladder (8) cancers, it has been sug- 
gested that tumors with an aneuploid DNA content might dis- 
pose of higher radiosensitivity tiian diploid tumors. As an im- 
pact of preoperative radiotherapy, the prevalence of DNA 
aneuploidy was significantiy lower in irradiated esophagus car- 
cinomas compared with nonirradiated cases (9). Furtiiermore, 
radiobiological investigations have shown that cell proUferation 
influences the radiosensitivity of tumor cells considerably (10). 
Tumors with a higher proliferative activity show a higher re- 
sponse to radiotherapeutic treatment. Thus, the aim of tiie cur- 
rent study was to determine whetiier flow cytometric analysis of 
DNA ploidy and cell proliferation and tiieir changes induced by 
radiotiierapy are of prognostic value in preoperatively irradiated 
rectal cancer. 

MATERIALS AND METHODS 

Patients and Tissue Samples. One hundred and sixteen 
patients (51 men and 65 women) witii a histologically proven 
localized adenocarcinoma of tiie rectum, treated by curative 
resection after preoperative irradiation at tiie Department of 
Surgery, Evangelic Hospital of Dusseldorf in Germany between 
1980 and 1988 were included in this study. Mean age of the 
patients was 64.5 years (range, 38-87 years). The preoperative 
radiation therapy consisted of a total dose of 30 Gy delivered to 
the midplane of tiie pelvis through opposing anterior-posterior 
fields given in a daily fraction of 2 Gy, according to the regimen 
of a randomized trial conducted by tiie European Organization 
for Research and Treatment of Cancer (I), for tumors witiiin 10 
cm of tiie anal verge, and additional perineal field was used for 
irradiation. After an average time of 14.2 ± 9.8 days, 76 and 
24% of the patients underwent anterior and abdomino-perineal 
resection, respectively. Table I shows tiie postoperative tumor 
characteristics. All patiiological diagnosis and classification of 
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Table I Tumor characteristics of irradiated adenocarcinomas of the 
rectum (n =116) 





No. 


% 


Tumor location from anal verge 




42.2 


4 to *c7 cm 


49 


7 to <1\1 cm 


53 


45,7 


>12 cm 


14 


12.1 


oraQing 




81.9 


Gl/2 


95 


G3 


21 


18.1 


i uinur 






<3 cm 


69 


59.5 


3-6 cm 


41 


35.3 


>6 cm 


5 


4.3 


Tumor invasion 






pT,/2 


98 


84.4 


PT3/4 


18 


15.5 


Lymph node metastasis 




66.4 


pNo 


77 


PNi/2 


39 


33.6 


Tumor stage 






I 


69 


59.5 


II/III 


47 


40.5 



variables were reevaluated according to the TNM^ staging (11) 
and the WHO grading system (12). Postirradiated tumor size 
ranged from 0.5 to 8 cm (median, 3.0 cm). 

For these investigations, the whole tumor tissue was avail- 
able in formalin-fixed, paraffin-embedded blocks. The mean 
number of biopsies before irradiation taken from different tumor 
regions during endoscopy was 4.7 ± 1.0, whereas the average 
number of paraffin blocks was 1.2 ± 0.6. The mean number of 
blocks embedding the resected tumor was 2.5 ± 0.9. Follow-up 
data were obtained from the charts of the patients, and the 
patients* data were stored in a follow-up computer program. 
Up-to-date information on survival or death and the cause of 
death was obtained from the local tumor register, the proper 
registration offices, the family doctors, or the patients them- 
selves. For three patients, the cause of the death could not 
determined. Four patients died postoperatively; 9 patients 
showed incomplete or irregular follow-up. Complete follow-up 
was available in 103 patients (88.8%) with a mean period of 75 
months (median, 73.2 months; range, 4.3-157 months). 

Flow Cytometry. Formalin-fixed, paraffin-embedded tu- 
mor tissue was prepared and stained for flow cytometric anal- 
ysis according to the modified procedure described by Hedley et 
al (13). To enrich the proportion of tumor cells, the localized 
tumor region was microdissected from stroma tissue in paraffin 
blocks. Afterward, 150-200-^,m sections were cutoff from the 
blocks to decrease nuclear debris (14). The average proportion 
of the tissue sample occupied by the resected tumor was 20% 
(range, 7-80%), whereas the analyzed proportion of the tumor 



^ The abbreviations used are: TNM, Tumor-Node-Metastasis; AN( i / 
0), group of tumors with a reduced or eliminated proportion of aneu- 
ploid cells after radiotherapy; AN(=/ 1 )> group of tumors with a con- 
stant or increased proportion of aneuploid cells after radiotherapy; DIDI, 
group of nimors with diploidy before and after radiotherapy; DI, DNA 
index; PCNA, proliferative ceU nuclear antigen; SPF, S-phase fraction. 



biopsies before radiation was approximately 30-40%. Sections 
were treated with xylene over a period of 24 h to remove the 
paraffin and then rehydrated in ethanol and washed with dis^^ 
tilled water. To prepare a nuclear suspension, sections were^, 
incubated in a 0.5% pepsin solution (pH 1.5, 37°C) for 90 min.^ 
After filtration through a 50-^Jlm nylon mesh, nuclei were 
washed twice in PBS and then centrifuged. The nuclear pell^^ 
was resuspended in a 0.1% NP40-trisodium citrate solution (15 
and treated with RNase solution (40 pig/ml). Finally the nucle^ 
DNA was stained with propidium iodide (50 M-g/ml) to analyz^ 
on a flow cytometer (Becton Dickinson, San Jose, CA), - 
equipped with an argon laser using excitation at 488 nm. A totag 
of 10,000 cells were used for cell cycle analysis using the Cellfi^ 
Software (Becton Dickinson, San Jose, CA). The flow cytomet-^ 
ric parameters evaluated included DNA ploidy, the fractions of* 
the cell cycle compartments, and the DI (where DI represents 
the ratio of the aneuploid Gi-Gq-DNA peak channel to the 
diploid G,-Go-DNA peak channel). Samples were defined as 
aneuploid only if there was more than one Gq-G, peak in the 
DNA histogram. In these tumors, the first peak on the left of the 
histogram was considered to represent diploid Gq-Gi cells. For 
multiple paraffin blocks, the mean values of the S-phase frac- 
tion, the DI and the aneuploid Gq-Gi peak were used. Evalua- ^ 
tion of S-phase fraction was not possible in 20 aneuploid mmors ^ 
because of overlapping of the diploid Gj-M cells in the chaimel 
area of the aneuploid S-phase cells in the histogram. The mean 
coefficient of variation of the Gj peak in this study was 
, 6.5 ± 1.8%. 

Quantification of Necrosis. The extent of necrosis in the 
tumors was evaluated semiquantitatively by histopathological 
examination of all H&E-stained sections of every paraffin block 
of the biopsies and the resected tumors by one observer without 
knowledge of the patients' outcome. The proportion of necrosis 
was classified in 5% gradation (ex: 0, 5, 10, and 15-100%). For 
the biopsy necrosis gradation, it was necessary to start with 2%, 
indicating a minimal proportion of necrosis. The mean number 
of biopsies on one histological section was 3.9 ± 1.6 with an 
average of 1.2 ± 0.6 sections. Because the resected tumors were 
fixed in a mean number of 2.5 ± 0.9 paraffin-embedded blocks, 
2.5 ± 0.9 sections of each tumor were available. The mean 
values of the proportion of necrosis in all histological sections 
before and after irradiation were used for each tumor. 

Statistical Analysis. Possible associations between flow 
cytomedic results and clinicopathological characteristics were 
determined using the x" test. Yates correction was applied for a 
number of cases between 40 and 60 in a four-field table. 
Differences between mean values were analyzed using the Stu- 
dent's t test Data analysis was performed with the SPSS statis- 
tical software package (SPSS, Inc., Chicago, IL). The Kaplan- 
Meier product-limit method was used to estimate survival or 
disease-free probabilities, with statistical interference's on ac- 
marial curves made using the Breslow and the log-rank test. 
Patients dying as a result of postoperative complications (within 
30 days) were excluded from the survival analysis. All patients 
with incomplete or missing follow-up had to be excluded for the 
calculations of local or distant recurrences. To determine inde- 
pendent prognostic factors, multivariate analysis was calculated 
using the Cox proportional hazards regression model. Results 



11"" I Iff 



Clinical Cancer Research 3217 



Fig. 1 DNA flow cytometric histograms of the 
biopsy before and the corresponding resected 
specimen after preoperative radiotherapy in rectal 
cancer. Both samples are classified as aneuploid 
because of a separate peak, representing the ane- 
uploid G, population with a DI of 1.66. The pro- 
portion of the aneuploid G, population is reduced 
from 46% in the pretreatment biopsy to 11.4% in 
the resected tumor after irradiation. A, biopsy; B, 
resected tumor. 
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are presented as mean ± SD. Only P < 0.05 was considered 
statistically significant. 

RESULTS 

Ploidy and S-Phase Analysis. There are no reports 
available associating the DNA ploidy and preoperative radio- 
therapy as a prognostic tool. Speculations have been made that 
changes in ploidy status induced by radiation may be a useful 
predictor for cUnical outcome in various cancers. In this study, 
we analyzed DNA ploidy and their alterations before and after 
irradiation of each tumor and compared tiiose findings with die 
clinical follow-up. In the preirradiated biopsies. DNA aneu- 
ploidy was detected in 86 of 1 16 (74%) tumors. After radio- 
therapy, however, the number of aneuploid tumors decreased to 
56 (48%; X' = 16.33; P < 0.0001). The distribution of the DI 
was similar before and after radiation. Compared with a mean 
DI of 1.67 ± 0.28 in die preirradiated hyperdiploid biopsies, the 
mean DI in die irradiated resected aneuploid tumors decreased 
to 1.55 ± 0.26, being clustered around triploid levels. After 
radiotherapy, 24 mmors (28%) showed a decrease in the pro- 
portion of aneuploid ceUs compared with die pretreatment val- 
ues (mean reduction, 49.8%; range, 16.7-92.2%). A represent- 
ative analysis of die data is given in Fig. 1 . In contrast, 28 (33%) 
preirradiated aneuploid tumors revealed a constant or increased 
proportion of aneuploid ceUs after radiodierapy [mean increase, 
64%; range, 0-262%; group AN(=/T)]. Of diese 52 tumors 
widi a decrease or increase in die amount of aneuploid tumor 



ceUs, 35 tumors (67%) consistentiy showed diis alteration 
among all analyzed samples in die posttreatment assessment. 
However, for die rest (33%), die decrease or increase was 
consistent in two of diree samples. Thirty-four tumors (39%) 
even demonstrated a complete elimination of aneuploid cells 
[group AN( i /0)]. The percentage of tetraploid pretreatment 
tumors (DI, 1.8-2.2) was significantiy higher in die group of 
mmors widi an eliminated aneuploidy (41.2%) after radiodier- 
apy dian in the remaining aneuploid tumors (17.3%; P = 0.042). 
From 30 preirradiated diploid mmors, nearly all (26 of 30; 87%) 
remained diploid (group DIDI). 

Tumor cell proliferation was determined by measuring die 
SPF. All 26 constant diploid cases and 32 of 52 pre- and 
posttreatment aneuploid cases (61%) provided analyzable S- 
phase data. Of die 26 constant diploid tumors, 17 (65%) re- 
vealed a constant or increased SPF [S-phase (=/ T )] widi a 
mean increase of 73% (range, 12-430%). Only 9 mmors (35%) 
showed a decreased SPF [S-phase ( 1 )] in die posttreatment 
samples [mean decrease, 44% (range, 5 to 71%)]. The mean 
pretreatment SPF in group S-phase ( i) (10.4 ± 2.4%) was 
significantiy higher dian in die group S-phase (=/ 1 ) (5.9 ± 
2.3%; P < 0.0001). 

Compared widi a mean S-phase fraction of 7.4% (median, 
6.8 ± 3.1%) for all diploid cases before treatment, die 32 
aneuploid cases showed a significantiy higher mean value of 
19.5% (median, 20.3 ± 6.1%; P < 0.0001). Fourteen aneuploid 
tumors (44%) revealed a constant or increased SPF (mean 
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Table 2 Local or distal recurrence rates in correlation t o different flow cytomeuic variables 

Distant metastasis 



Flow cytometric variables 



Ploidy group 

AN(-/T) 

AN ( i /0) 

DIDI 
Pretreatment ploidy 

Diploid 

Aneuploid 
Pretreatment DI 

<1.3 (hyperdiploid) 

1.5-1.8 (peri-/ triploid) 

> 1.8-2,2 (peri-/ tetraploid) 
Pretreatment aneuploidy 

<20.3 SPF 

>20.3 SPF 
Pretreatment diploidy 

<6.6 SPF 

>6.6 SPF 
Pre- and posttreatment diploid tumors 

SPF ( i ) 

SPF(=/T) 
Pre- and posttreatment aneuploid tumors 

SPF ( i ) 

SPF (=/T) 



No. 



Local recurrence 



No. (%) 



No. (%) 



26 


7 (27.0) 


0.034 


14 (53.9) 


0.009 


51 


3 (7.8) 




10 (20.0) 




22 


3 (13.6) 




7(31.8) 




26 


4(15.4) 


NS 


8 (30.8) 


NS 


77 


10 (13.0) 




20 (26.0) 




12 


I (8.3) 


NS 


7 (58.3) 


0.004 


43 


0 (14.U) 








20 


3(15.0) 




I (5.0) 




29 


6 (20-7) 


NS 


9(31-0) 


NS 


29 


2(6.9) 




4(13.7) 




13 


2(15,4) 


-NS 


5 (38.5) 


NS 


13 


2(15.4) 




3(23,1) 




7 


1 (14.3) . 


NS 


0 (0.0) 


0.036 


16 


2(12.5) 




7 (43.8) 




15 


1 (6.7) 


NS 


4 (26.7) 


NS 


14 


1(7.1) 




8(57.1) 





■ All Ps are based on the test. NS, not significant. 



increase, 43.3%; range, 0-99%). In 18 aneuploid tumors (56%), 
a mean decrease of 31.3% (range, 6.6-62%) was observed. The 
pretreatment fraction of the S-phase was significantly higher in 
the group of tumors with a reduced SPF after irradiation (23 ± 
3.4% versus 15 ± 5.5%; P < 0.0001). 

Characterization of Necrosis in Tumors. In biopsies, 
the overall percentage of necrosis was 1.6%. In the resected 
postirradiated tumors, the mean proportion of necrosis increased 
to 9-3%- The ploidy groups showed a visible difference in die 
increase of necrosis after radiotherapy- The group of tumors 
widi a reduced or eliminated aneuploidy after irradiation [group 
AN ( i /0)] showed the highest increase of necrosis with a mean 
of 10.9%, followed by the group AN (=/ 1 ) with an increase of 
6.2%. The lowest increase was observed in the group of constant 
diploid tumors (group DIDI: mean, 3.4%). 

There was no significant relationship between the two 
ploidy groups [AN ( i /0); AN (=/ 1 )] and clinicopathological 
characteristics, such as sex, age, localization, tumor differenti- 
ation, or lymph node metastasis. The association with the inva- 
sion of the primary tumor was of borderline statistical signifi- 
cance (P = 0.07). A decrease or elimination in the proportion of 
aneuploid cells is related to a significant increase of tumor 
necrosis iP = 0.000 1), 

Correlation with Clinical Fo!low-Up. During follow- 
up, 28 patients (27.2%) developed distant metastases, 10 re- 
lapsed locally (9.7%), and 4 relapsed locally and disially (3.9%). 
In total, the incidence of local recurrence was 13.5% (n = 14). 
Table 2 shows the recurrence rates in relation to different ploidy 
groups, pretreatment ploidy, pretreatment hyperdiploid DIs, pre- 
treatment SPF, and changes in the SPF after irradiation. Al- 
though the pretreatment ploidy status was of no influence on 
recurrence, however, the changes in the proportion of aneu- 



ploidy induced by radiotherapy showed a significant impact on 
the number of local as well as distant recurrences. The preirra- 
diated near-diploid tumors (DI < 1.3) relapsed distally in 
>50%, compared with 37.2% in the group of peri-/triploid 
mmors (DI, 1.3 to <1.8) and only 5% in the group of peri-/ 
tetraploid tumors (DI, > 1.8-2.2; P < 0.004). There was no 
significant influence on local or distant outcome between the 
different percentage of S-phase in the pretreatment diploid m- 
mors, but for the alterations in the S-phase fraction after radio- 
therapy, a significant difference in the number of distant metas- 
tases could be observed (Table 2). In contrast, a pretreatment 
SPF of >20.3% in the aneuploid tumors showed a visible 
significant decreased overall recurrence rate. 

Correlation with Patients' Survival. Forty-four pa- 
tients (40.4%) died because of cancer-related causes, and 13 
(11.9%) died because of intercurrent diseases. After exclusion 
of postoperative deaths (n = 4) and deaths of unknown causes 
{n - 3), the overall 5-year survival rate was 63.3%. Mean 
overall survival time of the study population {n = 109) related 
to cancer-related causes was 8.8 ± 0.5 years. Median survival 
time could not be achieved, because <50% of the patients died 
within the follow-up period. In univariate survival analysis sex, 
age, tumor location, tumor size, presence of lymph node metas- 
tasis, and grading were of no prognostic significance in this 
study group. In addition, the variables related to surgical treat- 
ment, such as the type of resection used, the period of time 
between the end of radiotherapy and surgery, and the distance 
between the edge of the tumor and the margin of bowel resec- 
don, showed no significant difference in overall survival. In the 
clinicopathological variables, only TNM stage and the pT cat- 
egory were significantly associated with overall survival. When 
compared with stage I with n/m, the 5-year survival rate (65% 
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Fig. 3 Survival curves for cumulative survival in 106 patients with 
rectal cancer according to the increase of necrosis in histological^ sec- 
tions after preoperative radiation (increase of necrosis >10%, /i - 41; 
increase of necrosis, >0 to < 10%, « - 37; no increase of necrosis, 0%, 
n = 28). P = 0.003 (log-rank test). 



versus 51.7%) differed significantly {P = 0-044) as well as 
pT,^ compared with PT3/4 (5-year survival rate, 65% versus 
50%; P = 0.05). The group of patients with a reduced or 
eliminated proportion of aneuploid cells in tumor [group (AN 
( i /0)] showed the highest survival benefit, foUowed by the 
group of patients with constant diploid tumors (group DIDI) and 
the group with no decrease in the proportion of aneuploid cells 
[group AN(=/t); 5-ysr 81.2%; 56.5%; 34.6%; P = 0.0004; 
Fig. 2]. The pretreatment aneuploid group had a nonsignificant 
tendency to improved survival (aneuploid: 5-year survival rate, 
65.4%; diploid: 5-year survival rate, 55.1%). The reduction in 
SPF of diploid tumors was also associated with a tendency to a 
better prognosis (5-year survival rate, 72.6% versus 50%; P = 
0.14), but the significance level could not be reached because of 
a smaU case number. The group of patients with tumors showing 
an increase of necrosis of >10% after radiotherapy had a more 
favorable prognosis (5-year survival rate, 74%) than patients 
with <10% increase (5-year survival rate, 63.9%) or patients 
with no increase of necrosis in the tumors (5-year survival rate, 
46.4%; P = 0.003; Fig. 3 represents the related survival curves). 

Multivariate Cox Regression Analysis. The only vari- 
ables of independent prognostic significance by multivariate 
regression analysis were tumor TNM stage, DNA ploidy group, 
and increase of necrosis (Table 3). 

DISCUSSION 

In this report, we found that changes in the ploidy status 
and cell proliferation, determined by flow cytometry, as a result 
of preoperative irradiation are of predictive value in the prog- 
nosis of patients with rectal cancer. This is the fu^i study to 
compare ploidy status and ceU proliferation before and after 
irradiation and to correlate the alterations with the clinical 
outcome of the patients. Previous investigations of DNA ploidy 
in colorectal cancer were mainly conducted in the operatively 
resected tumors without any previous neoadjuvant therapy. 
Thus, a direct comparison of these investigations only exists to 



Table 3 Multivariate Cox regression analyses of clinicopathological 
and flow cytomettic characteristics for overall survival in 

preoperatively irra diated rectal cancer 

Overall survival 
in = 102) P 



Sex 

Male vs. Female 
Age 

<64.7 yr vs. >64.7 yr 
TNM stage 

Stage I vs. n/ra 

Histological grade 

Grade 1/2 vs. 3 
Tumor location from anal verge 

4 to <7 cm v^. 7 to < 12 cm 
vs. >12 cm 
Ploidy group 

AN (=/ 1 ) v5. AN ( i /0) vs. DIDI 
Increase of necrosis 

0% vs, <10% vs. 5:10% 



NS 
0.038 
NS 
0.056 

0.048 
0.017 



° NS, not significant. 



our flow cytomeuic results of the pretreatment biopsy samples. 
Usage of stored tumor material offers the advantage that long- 
tenn follow-up is available. Other investigators have shown, in 
comparative studies of fresh and paraffin-embedded tumor tis- 
sue, that the determination of DNA ploidy is accurate and a 
reliable method (16, 17). In the present study, aneuploidy was 
observed in 86 of 116 preirradiaied rectal adenocarcinomas 
(74%). This percentage is in accordance with most of the results 
of several other studies of rectal cancer (18-20). Slight differ- 
ences in percentage of aneuploidy result from the fact that in 
Anglo-American studies the colon and rectal cancers were often 
evaluated together. This led to a decrease in the overall percent- 
age of aneuploid tumors, which was also shown by Costa et al 
(20) and Rognum et al (21), who have observed that aneuploid 
tumors are more frequendy represented in distal sections of the 
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large bowel. In accordance with other authors (22-24), the 
pretreatment nondiploid rectal carcinomas tended to cumulate 
around the triploid level with a mean DI of 1.67. 

As described previously, we classified tumors as aneuploid 
only after evaluating all excised biopsies or paraffin blocks of 
these tumors if at least one showed a separate peak in the DNA 
histogram. In consideration of the known heterogeneity in solid 
carcinomas (25), Quirke et al (26) reported that if only one 
excisional biopsy of a colorectal carcinoma was taken and 
analyzed by flow cytometry, the probability of determining 
aneuploid cells is 72% accurate. With an average count of 4.7 
excisional biopsies/tumor before radiation and 2.5 paraffin 
blocks containing the resected tumor after irradiation, the 
chances to overlook aneuploid cells in our study are therefore 
minimal. The heterogeneity in solid carcinomas does not only 
influence the results of ploidy analyses but also the results of 
cell cycle compartment analyses (27). For that reason, the pro- 
portion of SPF in diploid colorectal cancers described in previ- 
ous studies ranged from 5,8% to 1 1 .7% (23. 27), compared with 
7.4% in the present study. The mean SPF of pretreatment 
aneuploid carcinomas was calculated to be significantly higher 
(19.5%) than for diploid carcinomas, confirming the data of 
most other reports (22, 28). 

Clinical studies of irradiated solid cancers showed that the 
percentage of aneuploid tumors was clearly reduced by irradi- 
ation (29-31). For example, in esophageal cancer, the rate of 
DNA aneuploidy was significantly reduced by irradiation (71% 
versus 47%; Ref. 9); however, this comparison was done in two 
separate groups of patients with and without preoperative irra- 
diation. These results are confirmed in die present study, show- 
ing a reduction in aneuploidy from 74 to 48% after irradiation as 
an intraindividual comparison. The reduction in the number of 
aneuploid tumors presumably reflects that aneuploid cells un- 
dergo apoptotic cell death after DNA damage. Mohr et al (31) 
reported that loss of aneuploidy was associated with an increase 
of necrosis in histological sections. Moreover, aneuploid carci- 
nomas appear to be more radiosensitive, because in this study 
the increase of necrosis after irradiation was observed more 
frequenUy in aneuploid than in diploid tumors. In addition, 
survival of patients was significantly improved after induction 
of necrosis after irradiation. 

The influence of the aneuploid DI in determining the 
likelihood of radiosensitivity is beyond dispute. Tetraploid blad- 
der cancers are reported to have a greater responsiveness to 
irradiation with a more favorable clinical outcome (8, 32). This 
observation is in accordance to our results, showing that the 
percentage of tetraploid tumors was significantiy higher in the 
■group of aneuploid tumors with an eliminated aneuploidy. Fur- 
thermore, tetraploid tumors relapsed distally significant less 
frequentiy (5%) than near diploid (58%) or triploid tumors 
(37%). Therefore, it can be hypothesized that DNA tetraploidy 
might be an indicator for response to preoperative radiotherapy 
in rectal cancer. This assumption, however, still has to be 
supported by prospective studies. 

Because radiation effects are seen mainly in tissues with a 
high rate of cell tiumover (33), Kubouchi et al (34) have noted 
that radiosensitivity in rectal cancer depends on the proliferative 
activity of cells. This study revealed a correlation between 
reduction in PCNA activity after radiotherapy in the patients 



with high initial levels of PCNA activity. This could be con- 
firmed in the present study, in which the groups of diploid as 
well as aneuploid tumors with a reduced SPF after irradiation 
were found to have a significantiy higher initial proportion of 
SPF. However, there was no significant influence on local or 
distant failure between the different percentage of S-phase in the 
pretreated diploid tumors, whereas a trend for improved survival 
was found in patients with diploid tumors, who had a reduced 
SPF after radiotherapy. Accordingly, in aneuploid tumors an 
initial SPF of <20.3 (median as cutoff; Table 2) was associated 
with a significantiy higher recurrence rate and this led to a 
borderline significant lower 5-year disease-free survival rate 
(data not shown). 

The apoptotic cell death after DNA damage to aneuploid 
tumor cells after irradiation results in an elimination or decrease 
of aneuploidy. The tumors with a reduced or eliminated propor- 
tion of aneuploid cells after radiation rarely relapsed locally 
(5.8%) compared with constant diploid tumors (13.6%) or tu- 
mors witii an increased proportion of aneuploid tumor cells 
(27%). Furthermore, the clinical outcome was significantiy dif- 
ferent between these three defined ploidy groups. Therefore, 
67% of the preirradiated aneuploid tumors [group (AN ( j /0)] 
seem to have a higher radiosensitivity with a more favorable 
prognostic trend in contrast to die other 33% with an increased 
proportion of aneuploidy despite radiation. Several cell kinetic 
studies reported that response to radiation depends on multiple 
intrinsic and extrinsic factors (33). These factors, influencing 
radiosensitivity in a complicated still unknown way, might 
explain the differences in radioresponsiveness within the aneu- 
ploid tumors. 

In this study, no significant difference in overall survival 
was observed for the tumor characteristic location and lymph 
node metastasis. This observation is in contrast to several stud- 
ies (35, 36). defining tumor location and lymph node status as 
important prognostic factors in rectal cancers. Thus, preopera- 
tive radiotherapy seems to eliminate the prognostic meaning of 
these factors, which was also concluded by Sarashina et al. (37). 
The TNM stage and pT category were still of significant pre- 
dictive value. 

In conclusion, we propose that detection of alterations in 
the proportion of aneuploid cells after irradiation has a good 
prognostic value in preoperatively irradiated rectal cancer, and 
these results will help to distinguish between radiosensitive and 
radioresistant tumors. In addition, changes in the cell prolifer- 
ation rate after radiotherapy might be helpful in detecting pa- 
tients likely to benefit from preoperative radiotherapy. Further 
investigations of cell cycle kinetics during radiotherapy will be 
required to elucidate the precise mechanisms of tumor response 
to radiation and to optimize the individualized application of 
radiotherapy. 
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Abstract 

Pituitary tumor transforming gene 1 (PTTGl) recently cloned from human testis is a potent oncogene and is highly expressed 
in all the tumors analyzed to date. However, primary structure of PTTGl and the cell types that express PTTGl in tumors 
remained undescribed. We have used the reverse transcriptase-polymerase chain reaction technique to clone PTTGl from 
ovarian tumors. Nucleotide sequencing of the PTTGl cDNAs from various ovarian tumors showed identity with that of the 
human testis PTTGl. To determine the cell types that express PTTGl in normal and tumor tissues, we performed in situ 
hybridization using digoxigenin-labeled cRNA as a probe. Our studies revealed a high level of expression of PTTGl mRNA in 
both seminomatous and non-seminomatous testicular tumors; epithelial, sex-cord and stromal cell, and germ cell tumors of the 
ovary; and invasive ductal, ductal in situ and infiltrating ductal carcinoma of the breast. In normal tissues, expression of PTTGl 
mRNA was very low or undetectable except in testis, where PTTGl mRNA was found to be localized to spermatocytes and 
spermatids. Tumors that expressed high levels of PTTGl mRNA also exhibited high levels of expression of basic fibroblast 
growth factor (bFGF), suggesting a correlation between PTTGl and bFGF expression, and further suggesting that the PTTGl 
protein may be involved in tumor angiogenesis and mitogenesis. © 2001 Elsevier Science Ireland Ltd. All rights reserved. 

Keywords: In situ hybridization; Pituitary tumor transforming gene 1; Tumor; Cloning 



1. Introduction 

Tumorigenesis typically involves multiple genetic 
changes, which can take the form of mutation or an 
alteration in the expression of the gene that is not asso- 
ciated with mutation of the functional domains of the 
gene. These changes in oncogenes, tumor suppressor 
genes, and genes that encode proteins associated with 
the regulation of the cell cycle culminate in uru-est- 
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rained cellular growth, tissue invasion, and ultimately, 
metastasis. The composition of the tumorigenesis 
cascade varies with the type of tumor and the critical 
elements of the cascades that have yet to be described 
in many tumors, including those of the ovary. Several 
mechanisms that contribute to tumorigenesis in ovar- 
ian cancers have been described including mutations or 
overexpression of the HER-2/neu, fins, Akt-2 proto- 
oncogenes, p53 suppressor gene, and transforming 
growth factors. The HER-2/neu gene is overexpressed 
in approximately 20-30% of ovarian cancers and in 
one third of breast cancers. Although amplification of 
the HER-2/neu gene is associated with a poor prog- 
nosis in breast cancer [1], a number of studies, have 
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failed to identify an adverse effect of HER-2/neu over- 
expression on the overall survival of patients with 
ovarian cancer [2]. Alterations in members of the 
myc family of proto-oncogenes have been reported to 
play a major role in the pathogenesis of several human 
cancers [3-5]. Again, although 10% of ovarian cancers 
have been shown to overexpress the c-myc gene, no 
apparent relationship between c-myc amplification 
and the grade of tumor differentiation or prognosis in 
patients with ovarian cancer has been reported. Muta- 
tion of the p53 suppressor gene, which is located on 
chromosome 17pl3.1, is one of the most frequent 
genetic changes in human tumors and has been 
described in a variety of tumors including cancers of 
the colon, lung, breast, and endometrium. At least 50% 
of ovarian cancers exhibit alterations of the p53 gene 
and overexpress the transformant protein [6,7]. These 
mutations of p53 are less frequent in the early stages of 
ovarian cancer than in advanced stages, however, and it 
is only in advanced-stage disease that mutations of p53 
have been associated with adverse prognosis. Thus, 
alterations in p53 may be a relatively late event in the 
progression of ovarian cancer [8], 

Recentiy, using a mRNA differential display PGR 
expression technique, Pei and Melmed [9] cloned a 
novel oncogene, the pituitary tumor transforming 
gene (PTTG) from rat pituitary tumor, and showed 
that overexpression of this gene in mouse fibroblast 
cells (NIH 3T3) results in cellular transformation in 
vitro and promotes tumor formation in vivo. Subse- 
quently, we and others cloned PTTG from human 
tissue and defined its primary structure [10-14]. The 
PTTG family consists of at least three homologous 
genes. The PTTGl gene contains five exons and 
four introns, and is located on human chromosome 
5q35.1 [15]. Both PTTG2 and PTTG3 are intronless 
genes that are located on chromosomes 4pl5.1 and 
8ql3.1, respectively [16,17]. Northern blot and 
reverse transcriptase-polymerase chain reaction 
(RT-PCR) analysis of the mRNA revealed a high 
level of expression of PTTGl mRNA in various 
human tumors including tumors of the pituitary 
gland, adrenal gland, liver, kidney, endometrium, 
uterus, and ovary and in cell lines derived from 
various tumors [10-13]. The expression of PTTGl 
mRNA was either very low or undetectable in all of 
the normal tissues tested except for the testis. 

The predicted PTTGl gene product is a highly 



hydrophilic protein that contains two proline rich- 
motifs at its C-terminus. As is the case for rat 
PTTG, overexpression of the human PTTGl gene 
induces cellular transformation in vitro, and promotes 
tumor formation in nude mice [10,12]. Furthermore, 
transfection of PTTGl into NIH 3T3 cells results in an 
increase in expression of basic growth factor (bFGF) 
and inhibition of chromatid separation [12,14] with 
mutation of the proline-rich motif abolishing the 
transforming ability of PTTGl and blocking bFGF 
production [12]. Thus, PTTGl may promote tumori- 
genesis by affecting angiogenesis and/or mitogenesis 
through its regulatory effect on bFGF. 

Neither the primary structure of PTTGl nor its 
cellular expression in the various tumors has been 
described to date. In this study, we cloned and 
sequenced PTTGl cDNAs from various ovarian 
tumors and determined the cellular expression of 
PTTGl in tumors derived from ovary, breast and 
testis. We also determined the expression of bFGF 
in these tumors. 



2. Materials and methods 

2.7. Cloning of PTTGl from ovarian tumors 

To clone PTTGl from ovarian tumors, we used the 
RT-PCR technique as described previously [18]. Total 
RNA from four different ovarian tumors was prepared 
using the UltraspecIII RNA isolation system fronri 
Biotecx (Houston, TX). The integrity of RNA was 
determined by fractionation on agarose gel and 
staining with ethidium bromide. Total RNA from 
each tumor (2 |ULg) was subjected to first strand 
cDNA synthesis using an oligo(dT) primer and 
AMV reverse transcriptase (Promega, Madison, WI). 
A 5-^x1 aliquot from the 20-|xl reaction volume was 
then used in PGR amplification using the GeneAmp 
kit (PE Applied Biosystem, Branchburg, NJ). The 
reaction conditions for PGR were initial denaturation 
at 95°C for 5 min, denaturation at 95°C for 1 min, 
annealing at 54°C for 1 min, and extension at 72°C 
for 1 min for 30 cycles with final extension at 72°C for 
7 min after the last cycle of amplification. The oligo- 
nucleotide primers used for PGR amplification were 
sense 5'-AAGACCTGCAATAATCCAGA-3' and 
antisense 5'-CACACAAACTCTGAAGCACT-3' 
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NATLIYVOKBHGBP 
CACGCXCCCCTGTGGTTGCTAACCATGCCCTGAACCTWSCCTCltttyiCCTra^ 120 

GTRVVAKDCLKLGS GPS IKA 
CCTTACATGCGAGATCTCAACTTTCAACACCAOGTTTTGGCAAAACGTTCGATC 180 

LDCRSQVSTPRPGKTFDAPP 
CAGCCTTACCTAAAGCTACTACAAACCCTTTGGGAACTGTCAACACACCTACAGAAAACT 240 

ALPKATRKALGTVHRATEKS 
CTGTAAAGACCAACCGACCCCTCAAACJUUUU^CAGCCAAGCTTTTCTGCCAAAAAG^ 300 

VKTKGPLRQKQPSPSAKKMT 
CTGACAAGACTGTTAAAGCAAAAAGCTCTGTTCCTGCCTCACATGATCCCTATCCAGAAA 360 

E K T V K AKSSVPASDDAYPEI 
TAGAAAAATTCTTTCCCTTCAATCCTCTAGACriTGAGACTTTTGACCTGCCT^ 430 

EKPPPPHPLDP ESPDLPEEH 
ACCAGATTCCGCACCTCCCCTTGAGTGCACTCCCTCTCATGATCCTTC 480 

QIAHLPLSCVPLMILDBBRE 
AGCT1X»AAAGCTCTTTCACCTCGGCCCCCCTTCACCTGTGAACATGCCC^ 540 

LEKLPQLCPPSPVKMPSPPW 
CCGAATCCAATCTCTTCCAGTCTCCTTCAAGCATTCTGTCGACCCTGCAT^^ 600 

ESKLLQSPSSILSTLDVELP 
CACCTGTTTCCTGTGACATACATATTTAAATaTCT TAGTGCTTCAGAGTn^^ 636 

PVCCDIDI* 



Fig. 1. Nucleotide and deduced amino acid sequence of the PTTGl 
cDNAs from ovarian tumors. The underlined nucleotides designate 
the oligonucleotide primers used for PCR. 



selected from 5' and 3' untranslated regions of the 
PTTG cDNA sequence (Fig. 1). A 10-|xl aliquot of 
the reaction mixture from each sample was fractio- 
nated on a 1 .5% agarose gel and stained with ethidium 
bromide. To identify contamination of the RNA 
samples with genomic DNA, RNA from each tissue 
was subjected to PCR without inclusion of the reverse 
transcriptase step. The PCR product from each sample 
was subcloned into the pCR4.0 TOPO TA cloning 
vector (Invitrogen, Carlsbad, CA). Plasmid DNA 
from the recombinant clones was prepared using the 
Plasmid Purification System from Qiagen (Chats- 
worth, CA). Complete nucleotide sequencing of the 
four independent clones for each tumor was 
performed on both strands using an automatic DNA 
sequencer. 



2.2. Tissue collection and preparation of sections 



Normal and tumor tissues were obtained from The 
Tissue Procurement Facility of the Comprehensive 
Cancer Center, the University of Alabama at Birming- 
ham, AL. These tissues were collected at the time of 
biopsy or autopsy (3-12 h after death) and were 
inmiediately frozen in liquid nitrogen and then stored 
at — 80°C. All human tissue specimens were obtained 
and analyzed with approval from the University of 
Alabama at Birmingham Human Studies Review 
Board. The tissue sections (10 \Lm) thick were cut 
and mounted on Super Frost Plus glass slides (Fisher 
Scientific, Atlanta. GA) and stored at -80°C. 



2.5. Preparation of digoxigenin-labeled cRNA probes 

The PTTGl cDNA representing the sequence from 
nucleotides 21 to 319 (Fig. 1) was amplified by PCR 
using the specific oligonucleotide primers: sense 
5'-ATGGCTACTCTGATCTATG-3' and anti-sense 
5'-GCnTTAACAGTCTTCTCAGT-3' as described 
above. The human PTTG cDNA was used as a 
template. The amplified product was then subcloned 
into the pCR4.0 TOPO TA cloning vector. The recom- 
binant clones were isolated and sequenced to confirm 
the authenticity of the sequence and to determine 
orientation. The plasmid DNA was linearized with 
Pstl restriction endonuclease to transcribe sense 
cRNA using T3 RNA polymerase, and with Notl to 
transcribe antisense cRNA using TV RNA polymerase. 
The cRNA transcripts were digoxigenin-labeled by in 
vitro transcription using a DIG RNA Labeling kit 
(Roach Diagnostics Corp., Indianapolis, IN). 

2.4. In situ hybridization 

The frozen sections were thawed at room tempera- 
ture and air-dried. The sections were fixed in 4% paraf- 
ormaldehyde (pH 7.4-7.5) for 20 min, and then treated 
with 0.2 N HCl for 10 min to suppress endogenous 
alkaline phosphatase activity. The sections were 
washed twice with 1 X phosphate-buffered saline 
(PBS) for 5 min each and digested with proteinase K 
(1 (xg/ml) for 15 min at 37°C in proteinase Kbuffer ( 100 
mM Tris-HCl, 50 mM EDTA, pH 8.0). The enzyme 
digestion was stopped by rinsing the sections with PBS 
and refixing with 4% paraformaldehyde for 10 min. 
After rinsing the sections with PBS, the tissues were 
acetylated with freshly prepared 0.25% acetic anhy- 
dride in 0.1 M triethanolamine (pH 8.0). The sections 
were then dehydrated in a graded series of ethanol, 
delipidated in chloroform and washed twice with abso- 
lute alcohol. The sections were prehybridized at 42°C 
for 1 h in prehybridization solution containing 50% 
formamide, 2xDenhardt's solution, 20XSSC, 10% 
dextran sulfate, 400 jig/ml tRNA, 400 ^xg/ml salmon 
sperm DNA, and 20 mM dithiothreitol. The hybridiza- 
tion solution containing labeled RNA probes (2 |xg/ 
slide) was heated at 65°C for 5 min and then chilled 
on ice for 5 min. The sections were hybridized in hybri- 
dization solution containing digoxigenin-labeled 
cRNA (2 |JLg/ml). Hybridization was performed at 
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42°C overnight. Post-hybridization treatments were as 
follows: two washes with 2 X SSC for 10 min each at 
room temperature; digestion with RNase A (10 jJig/ml) 
at 37°C for 30 min; a wash with 2 X SSC; two washes 
with 0.2 X SSC for 15 min each; a wash with 0. 1 X SSC 
for 30 min at 55°C; a wash with 0. 1 X SSC and finally a 
wash with Buffer A ( 1 00 mM Tris-HCl, 1 50 mM NaCl, 
pH 7.5). The sections were incubated in blocking solu- 
tion (Buffer A containing 0.3% Triton X-100, and 2% 
normal goat serum) for 1 h at room temperature. The 
sections were incubated with alkaline phosphatase- 
conjugated anti-digoxigenin Fab fragment antibody 
(Roach Diagnostics Corp.) diluted 1:500 in Buffer A 
for 2 h at room temperature. After incubation, the 
sections were washed twice with Buffer A for 10 min 
each and then once with Buffer B (100 mM Tris-HCl, 
100 mM NaCl, 50 mM MgCla, pH 9.5) for 10 min. The 
sections were incubated with 5-bromo-4 choloro-3- 
indolyl phosphate (BCIP)/nitroblue tetrazolium 
(NBT) (Sigma Chemical, St. Louis, MO) at room 
temperature for 2 h. The reaction was terminated by 



washing the sections with Buffer C (0.5 M Tris-HCl, 
0.5 M EDTA, pH 8.0) for 5min. The sections were 
mounted in Aqua Mount (Fisher Scientific) and were 
examined using an Olympus XO microscope. 

2.5. Immunohistochemical staining for bFGF 

For immunocytohistochemical analysis, the frozen 
tissue sections were thawed at room temperature. The 
sections were incubated at 95°C in 0.01 mol/1 sodium 
citrate buffer (pH 6.0) for 20 min to optimize antigen 
retrieval. Non-specific antibody binding was blocked 
by incubating the sections in 5% non-fat skim milk 
powder in Tris-buffered saline/0.1% Tween-20 (TBS/ 
T) for 60 min. The sections were incubated with 
monoclonal antibody to basic fibroblast growth factor 
(clone FB-8, Sigma) diluted 1:100 at room tempera- 
ture for 1 h as described by Heaney et al. [19]. 
Controls included sections incubated with no primary 
antibodies. After several rinses in TBS/T, sections 
were incubated with biotinylated mouse anti-goat 
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Fig. 2. In situ hybridization of the human PTTGl in normal testis and testicular tumors. Sections were hybridized with either sense or antisense 
probes corresponding to PTTGl cDNA. Notably, the level of expression was considerably higher in tumors than that observed in normal tissues. 
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secondary antibody for 30 min at room temperature. 
The sections were rinsed three times in TBS/T, and 
then incubated with streptavadin-horseradish peroxi- 
dase conjugate (Vector Laboratories Inc., Burlin- 
game, CA) for 30 min. After washing three times 
with TBS/T, the sections were incubated with diami- 
nobenzidine tetrahydrochloride for 3 min at room 
temperature. The sections were then rinsed with 
H2O followed by a rinse with hematoxylin. The 
sections were mounted in Aqua Mount (Fisher Scien- 
tific) and examined using an Olympus XO micro- 
scope. 



3. Results and discussion 

We have demonstrated previously that PTTGl is an 
oncogene and is upregulated in human malignancies 
including tumors of the pituitary gland, adrenal gland, 
liver, kidney, endometrium, uterus, and ovary and cell 



Own Coii Tumor Sex-Cord and Stromai Cell Tumor Epithelial "nimor Normal Ovary 




lines derived from various tumors [10]. It was there- 
fore of interest to determine the primary structure of 
the PTTGl expressed in tumors. In the studies 
presented here, we used ovarian tumors as our 
model and used the RT-PCR technique to clone the 
PTTGl from these tumors. As shown in Fig. 1, the 
PTTGl cDNAs cloned from various ovarian tumors 
are composed of 656 nucleotides and encode a protein 
of 202 amino acids. The nucleotide sequences of all 
the clones were identical with each other and with the 
human testis PTTGl cDNA sequence [10], suggesting 
that the primary structure of PTTGl is unaltered in 
ovarian tumors. As anticipated, it appears that the 
mechanism underlying the role of PTTGl in tumor- 
igenesis in ovarian tumors is not loss of function due 
to mutation but rather overexpression. 

To characterize the cellular expression of PTTGl, a 
range of normal tissues as well as tumor tissues were 
examined using the in situ hybridization technique 
with antisense PTTGl cRNA as a probe. The condi- 



Fig. 3. In situ hybridization of the human PTTGl in normal ovary and ovarian tumors. Sections were hybridized with either sense or antisense 
probes corresponding to PTTGl cDNA. Notably, the level of expression was considerably higher in tumors than that observed in normal tissues. 
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tions such as temperature of hybridization, length of 
hybridization and washing of unhybridized probe were 
optimized to obtain a high signal with low background. 
As shown in Fig. 2, a hybridization signal was detected 
in normal testis. The signal appear to be specific, since 
no signal was detected with the sense probe. Testis is 
composed of numerous cell types that are both prolif- 
erating and differentiating. Maturation of germ cells 
proceeds through several ordered stages, with the 
stage of maturation increasing from the base of the 
seminiferous tubules toward the tubule lumen. A 
strong hybridization signal was observed in spermato- 
cytes and spermatids, whereas only a weak hybridiza- 
tion signal was observed in Leydig cells, suggesting 
high levels of expression of PTTGl mRNA in sperma- 
tocytes and spermatids and a low level of expression in 
Leydig cells. These results are consistent with those of 
Pei [20] who, using similar techniques, showed high 
levels of expression of PTTGl mRNA in spermato- 
cytes and spermatids in rat testis. Thus, PTTGl may 



play a role in spermatogenesis in the normal testis. 
Most testicular tumors originate from genn cells. In 
situ hybridization of the testicular tumors showed 
strong hybridization signals in all the testicular tumor 
tissues analyzed including seminomatous and non- 
seminomatous testicular tumors. The hybridization 
signals were distributed homogeneously throughout 
the tumor tissue. No signal was observed in these 
tumors with the sense probe. 

Ovarian cancer develops predominately from the 
malignant transformation of a single cell type, with 
transformation of the surface epithelium occurring in 
^90% of malignant ovarian cancers. In our previous 
studies, using RT-PCR analysis, we showed high 
levels of expression of PTTGl mRNA in ovarian 
mucinous carcinoma, poorly differentiated ovarian 
adenocarcinoma and granulosa cell tumors [10]. As 
shown in Fig. 3, in situ hybridization of the various 
ovarian tumors with the antisense PTTGlcRNA probe 
revealed strong signals in the epithelial tumor, sex- 
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Rg. 4. In situ hybridization of the human PTTGl in normal breast and breast tumors. Sections were hybridized with either sense or antisense 
probes corresponding to PTTGl cDNA. Notably, the level of expression was considerably higher in tumors than that observed in normal tissues. 
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Fig. 5. Pattern of bFGF immunoreactivity in human normal and tumor tissues. bFGF immunoreactivity in normal testis (a), testicular tumor (b); 
nonnal ovary (d). ovarian tumor (e)» normal breast (g) and breast tumor (h) detected with a monoclonal bFGF antibody. Negative controls: 
immunohistochemical staining reaction in testicular tumor (c), ovarian tumor (f) and breast carcinoma (i). 



cord and stromal cell tumor, and germ cell tumor. The 
hybridization signal was distributed widely through- 
out the tumor specimen. Hybridization signals were 
not observed in any of the cells of the normal ovary 
nor were they observed using the sense probe. The 
present results confirm our previous findings and 
suggest high levels of expression of PTTGl mRNA 
in epithelial as well as germ cell ovarian tumors, with 
the absence, or only low levels of expression of 
PTTGl in the normal ovary. 

Similar studies were accomplished using breast 
cancer specimens representing either invasive or 
non-invasive (generally known as in situ) tumors. Infil- 
trating ductal carcinoma, an invasive cancer, that pene- 



trates the wall of a duct, and infiltrates into stroma. This 
is the most common form of breast cancer, represent- 
ing approximately 70% of all cases. Infiltrating lobular 
carcinoma, an invasive cancer that has spread through 
the wall of a lobule, accounts for approximately 8% of 
all breast cancers, non-invasive breast cancers include 
ductal carcinoma in situ (also called intraductal carci- 
noma) and lobular carcinoma in situ, which account for 
approximately 10% of all breast cancer cases. In situ 
hybridization of the breast tumor tissues using the anti- 
sense PTTGl cRNA showed high levels of expression 
of PTTGl mRNA in all the breast cancers analyzed 
including infiltrating ductal carcinoma, ductal in situ 
carcinoma, and invasive ductal carcinoma (Fig. 4). 
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Signals were not observed in any of the cells of normal 
breast tissues, suggesting the absence, or only low 
levels of expression, of PTTGl mRNA in normal 
breast, and enhancement of its expression in non-inva- 
sive and invasive tumors. 

In our previous studies, we demonstrated that over- 
expression of PTTGl in NIH 3T3 cells induces a 
transformed phenotype [10]. However, the molecular 
mechanisms through which PTTGl contributes to 
cellular transformation remain unknown. Recently, 
Zou et al. [10] showed that overexpression of PTTG 
causes inhibition of chromatid separation which may 
lead to genetic instability, and thereby result in tumor- 
igenesis. Zhang et al. [12] also showed an increase in 
secretion and expression of bFGF upon expression of 
PTTGl in NIH 3T3 cells. The bFGF growth factor is a 
major activating factor for mitogenesis and angiogen- 
esis [21,22]. Increased expression of bFGF has been 
reported in several human tumors, including those of 
the breast, pituitary, endometrium, and ovary [23-26]. 
To determine if the expression of bFGF is associated 
with PTTGl expression in human tumors, we 
performed immunohistochemical analysis of the 
bFGF protein in normal and tumor tissues. As 
shown in Fig. 5, using a monoclonal bFGF antibody, 
only low levels of bFGF protein were observed in 
normal testis, ovary, and breast, with higher levels 
in testicular, ovarian, and breast tumors. In the tumors, 
the distribution of bFGF protein was not homoge- 
neous; rather, groups of cells showed intense immu- 
nostaining, suggesting an autocrine or paracrine 
regulatory effect on the expression of bFGF. These 
results are consistent with those of Heaney et al. 
[19,27] who showed higher levels of expression of 
bFGF in colorectal and pituitary tumors. The concor- 
dant increase in expression of PTTG mRNA and 
bFGF in tumors indicates that the PTTGl protein 
may play an important role in the generation of the 
malignant phenotype through upregulating the 
expression and secretion of bFGF. 



Acknowledgements 

This work was supported by a grant CA825 1 1 from 
the National Cancer Institute. We wish to thank Dr 
Fiona Hunter for her editorial assistance and 
comments. 



References 

[1] D.J. Slamon, W, Godolphin, L.A. Jones, J. A. Holt, S.G. 
Wong» D.E. Keith, WJ. Uvin, S.G. Stuart. J. Udove, A. 
Ullrich, H.M.F. Press, Studies of the HER-2/neu proto-onco- 
gene in human breast and ovarian cancer, Science 244 (1989) 
707-712. 

[2] A. Berchuck. A. Kamel, R. Whitaker, B. Kerns. G. Olt. R. 

Kinney. J.T. Soper, R. Dodge, D,L. aarke-Pearson, P. Marie. 

S. Mckenzie, S. Yin, R.C. Bast, Overexpression of Her-2/neu 

is associated with poor survival in advanced epithelial ovarian 

cancer. Cancer Res. 50 (1990) 4087-4091. 
[3] G. Klein, E. Klein, Evolution of tumors and the impact of 

molecular oncology. Nature 315 (1985) 190-195. 
[4] K. Marcu, Regulation of expression of the c-myc proto-onco- 

gene, Bioassays 6 (1985) 28-32. 
[5] R. CoUum, F. Alt, Are myc proteins transcription factors. 

Cancer Cells 2 (1990) 69-75. 
[6] M.E. Kohler, J. Marks. R.W. Wiseman, I.J. Jacobs, A.M. 

Davidoflf. D.L. Qarke-Pearson, J.T. Soper. R.C. Bast. A. 

Berchuck, Spectrum of mutation and frequency of allelic dele- 
tion of the p53 gene in ovarian cancer, J. Natl. Cancer Inst 85 

(1993) 1513-1519. 
[7] J. Kupryjanczyk, A.D. Thor, R. Beauchamp. V. Merritt, S.M. 

Edgerton, D.A. Bell, D.W. Yandell, p53 gene mutations and 

protein accumulation in human ovarian cancer, Proc. Natl. 

Acad, Sci. USA 90 (1993) 4961-4965. 
[8] B,J. Milner. L.A. Allan, D.M. Eccles, H.C. Kitchener, R.C. 

Leonard, K.F. Kelly, D.E. Parkin. N.E, Haites. p53 mutation is 

a conmion genetic event in ovarian carcinoma, Cancer Res. 53 

(1993) 2128-2132. 
[9] L. Pei, S. Melmed. Isolation and characterization of a pituitary 

tumor- transforming gene (PTTG). Mol. Endocrinol. 11 

(1997) 403-411. 
[10] S.S. Kakar, L. Jennes, Molecular cloning and characterization 

of the tumor transforming gene (TUTRl): a novel gene in 

human tumorigenesis. Cytogenet Cell Genet. 84 (1998) 

211-216. 

[11] A. Dominguez, F. Ramos-Morales, F. Romero, R.M. Rios. F. 
Dreyfus. M. Tortolero, J.A. Pintor-Toro, hPTTG, a human 
homologue of rat pttg. is overexpressed in hematopoietic 
neoplasms. Evidence for a transcriptional activation function 
of hPTTG. Oncogene 17 (1998) 2187-2193. 

[12] X. Zhang. G.A. Horwitz, T.R. Prezant. A. Valentini, M. Naka- 
shima, M.D. Bronstein, S. Melmed, Structure, expression, and 
function of human pituitary tumor-transferring gene (PTTG). 
Mol. Endocrinol, 13 (1999) 156-166. 

[13] I.A. Lee. C. Seong. I.S. Choe, Qoning and expression of 
human cDNA encoding human homologue of pituitary 
tumor transforming gene, Biochem. Mol. Biol. Int. 47 
(1999) 891-897. 

[14] H. Zou. T.J. McGarry, T. Bemal. M.W. Krischner, Identifica- 
tion of a vertebrate sister-chromatid separation inhibitor 
involved in transformation and tumorigenesis. Science 285 
(1999)418-^22. 

[15] S.S. Kakar. Molecular cloning, genomic organization, and 



R, Pun et al / Cancer Utters 163 (2001) 132"} 39 



139 



identification of the promoter for the human pituitary tumor 
transforming gene (PTTG), Gene 240 (1999) 317-324. 

[16] L. Chen. R. Puri, E.J. Lefkowitz. S.S. Kakar. Identification of 
the human pituitary tumor transforming gene (hPTTG) family: 
molecular structure, expression, and chromosomal localiza- 
tion. Gene 248 (2000) 41-50. 

[17] T. Prezant, P. Kadioglu. S. Melmed. An intronless homolog of 
human proto-oncogene hPTTG is expressed in pituitary 
tumors: evidence for hPTTG fanwly. J. Qin. Endocrinol. 
Metab. 84 (1999) 1149-1152. 

[18] S.S. Kakar, L. Jennes, Expression of gonadotropin-releasing 
hormone and gonadotropin-releasing receptor mRNAs in 
various non-reproductive human tissues. Cancer Lett. 98 
(1985) 57-62. 

[19] A. Heaney. R. Singson, C.J. McCabe, V. Nelson, M. Naka- 
shima, S. Melmed, Expression of pituitary-tumor transform- 
ing gene in colorectal tumors. Lancet 355 (2000) 716-719. 

[20] L. Pei, Pituitary tumor-transforming gene protein associates 
with ribosomal protein SIO and a novel human homologue of 
DnaJ in testicular cells, J. Biol. Chem. 274 ( 1 999) 3151-3158. 

[21] J. Folkman, M. Klagsbrun, Angiogenic factors, Science 235 
(1987) 442-^7. 

[22] R.E. Friesel, T. Maciag, Molecular mechanisms of angiogen- 
esis: fibroblast growth factor signal transduction, FASEB J. 9 
(1995) 919-925. 

[23] M. Relf, S. LeJeune, P. A. Scott. S. Fox. K. Smith, R. Leek. A. 



Moghaddam, R. Whitehouse, R. Bicknell, A.L. Harris, 
Expression of the angiogenic factors vascular endothelial 
cell growth factor, acidic and basic fibroblast growth factor, 
tumor growth factor platelet-derived endothelial cell 
growth factor, placenta growth factor, and pleiotrophin in 
human primary breast cancer and its relation to angiogenesis. 
Cancer Res. 57 (1997) 963-969. 

[24] L.I. Gold. B. Saxena, K.R. Mittal. M. Marmor. S. Goswami. L. 
Nactigal. M. Korc, R.I. Demopoulos, Increased expression of 
transforming growth factor p isoforms and basic fibroblast 
growth factor in complex hyperplasia and adenocarcinoma 
of the endometrium: evidence for paracrine and autocrine 
action. Cancer Res. 54 (1994) 2347-2358. 

[25] M.B. Zimering, N. Katsumata. Y. Sato, M.L. Brandi, G.D. 
Auibach. S.J. Marx, H.G. Friesen. Increased basic fibroblast 
growth factor in plasma from multiple endocrine neoplasia 
type 1: relation to pituitaiy tumor, J. Clin. Endocrinol. 
Metab. 76 (1993) 1182-1187. 

[26] J. Fujimoto. S, Ichigo. M. Hori, H. Sakaguchi. T. Tamaya, 
Expression of basic fibroblast growth factor and its mRNA 
in advanced ovarian cancers, Eur. J. Gyncol. Oncol. 18 
(1997) 349-352. 

[27] A. Heaney. G.A. Horwitz. Z, Wang, R. Singson, S. Melmed, 
Early involvement of estrogen-induced pituitary tumor trans- 
forming gene and fibroblast growth factor expression in 
prolactinoma pathogenesis. Nat Med. 5 (1999) 1317-1321, 



STIC-ILL 



From: Canella, Karen 

Sent: Sunday, February 03. 2002 9:00 PM 

To: STIC-ILL 

Subject: ill order 09/815,340 

Art Unit 1642 Location 8E12(mail) 
Telephone Number 308-8362 
Application Number 09/815,340 

1 . Trends in Cell biology, 2001 Jan, 1 1 (1 ): 1 8-21 

2. Clinical Cancer Research, 2000 Aug, 6(8):321 5-3221 

3. Mutation Research, 1997 Apr 29, 375(2): 157-1 65 

4. american Journal of Hematology, 1985 Mar, 18(3):243-249. 

5. PNAS, 1989 Apr, 86(7):2276-2280 

Ce^ Genes and Development, 1996 Oct 15, 10(20): 262 ^263i :> 

7. Cancer, 1975 Jun, 35(6): 1664-1 677 

8. Mutation Research, 1978, 57(3): 313-324 

9. Environ Mutagen, 1981, 3(1):53-64 

10. Nucleic Acids Research. 2001 Mar 15. 29(6): 1300-1 307 

11. Oncogene: 

1998 Oct 29, 17(17):2187-2193 
2000 Jan 20, 19(3):403-409 

12. Molecular endocrinology, 1999 Jan, 13(1):156-166 

13. Gene,. 1999 Nov 29, 240(2):31 7-324 

14. Science. 1999 Jul 16, 285(5426)418-422 

15. Biochemistry and Molecular biology international. 1999 May, 47(5):891-897 

16. Journal of Clinical Endocrinology and Metabolism, 1999 Mar, 84(3): 11 49-1 152. 

1 7. Journal of biological chemistry: 

1999 Jan 29, 274(5):31 51-31 58 

2000 Nov 24, 275(47):36502-36505 *** 

18. Gene 2000 May 2. 248(1 -2):41 -50 

1 9. Molecular endocrinology, 2000 Aug, 1 4(8): 1 1 37-1 1 46 

20. Cancer Letters, 2001 Feb 10, 163(1):131-139 

21. Brain Pathology, 2001 Jul, 11(3):328-341 



1 



Expression of Bc1-Xl and loss of p53 can 
cooperate to overcome a cell cycle 
checkpoint induced by mitotic 
spindle damage 

Andy ]. Minn/-^ Lawrence H. Boise/ and Craig B. Thompson^"^ 

ir- K„,nn Center for Luous and Immunology Research, ^The Committee on Immunology, ^Howard Hughes Medical 
SuteTpartm^^^^^ Department of Molecular Genetics and Cell Biology, The UnWersity of Chicago, 

Chicago, Illinois 60637 USA 

Durini! somatic cell division, faithful chromosomal segregation must follow DNA replication to prevent 
aneS Xo llyploidy. Damage to the mitotic spindle is one potential mechanism that mterferes w.th 
cE omo oma se regation. The accumulation of aneuploid or polyploid cells resulting a d.s^pted mitotic 
spindle is presuinably prevented by cell cycle checkpoint controls. In the course of studymg cells hat 
overexp ess the apoptosis-inhibiting protein Bcl-x„ we found that these cells have an mcreased rate o 
ZmaSeous Utraploidization, suggesting that apoptosis may play an important role m el.minatmg cells that 
aTto ;rple properly. When cells expressing Bcl-x, are treated with mitotic spmdle -hibuo'^a 

sien KcanTpercentage reinitiate DNA replication and become polyploid. Nevertheless the majority of cells 

Sc ^undergo a prolonged pSS-dependent cell cycle arrest following mitotic spmdle damage. 
UnTpecttdly p53 exprLion is not induced in mitosis, nor does it influence M-phase -est. Instead cells 
wUh mhotic pindle damage only transiently arrest in M phase, and despite faihng to complete mitosis 
rjiea^^tTmoceed to G.. During this subsequent growth factor-dependent phase p53 .s mduced and mediates 
XJcle a«est In cells that do not overexpress Bcl-x„ elimination of the p53-dependent growth arrest with a 
domSat neg t ve ^ also results in polyploidy after mitotic spindle damage, but under these conditions 
mo« ceUs die by apoptosis. Expression of Bcl-x, and abrogation of p53 cooperate to allow rapid and 
Tr^Sess" eVolyploidfzat^ following mitotic spindle damage. Our results suggest that suppression ^^^^^ 
Sosis by fcc/^-related genes and loss of p53 function can act cooperatively to contribute to genetic 
instability. 

[Key Words: Apoptosis; checkpoint control; mitosis; mitotic spindle; p53; Bcl-xJ 
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During cell division^ the orderly execution of DNA rep- 
lication and chromosomal segregation, which define the 
S and M phases of the cell cycle, respectively, must occur 
with great fidelity. To ensure the interdependency of S 
phase and M phase, cells have developed mechanisms to 
monitor the completion of each process and halt cell 
cycle progression if either process is interrupted by cel- 
lular damage. Presumably, arresting damaged cells gives 
them a chance to repair and/or prevents their further 
expansion. Cell cycle checkpoint controls are genetic 
pathways that include proteins that sense damage, arrest 
the cell cycle, initiate repair, and cause apoptosis (Mur- 
ray 1994, 1995). The importance of genes involved in 



^Conesponding author. 



these pathways is emphasized by the increasing evidence 
that mutations in checkpoint control genes contribute to 
tumorigenesis and by the fact that cancer cells often 
have karyotypic abnormalities (Hartwell and Kastan 

1994). ^ 

p53 is one of the best-studied proteins involved m cell 
cycle checkpoint controls and is found to be mutated in 
over half of all human cancers (Hollstein et al. 1991). 
After DNA damage, p53 is induced and acts as a se- 
quence-specific transcription factor (Cox and Lane 1995; 
Haffner and Oren 1995). The cyclin dependent kinase 
inhibitor p21^^**^^^P^ is a direct transcriptional target of 
p53 transactivation and is partly responsible for arresting 
cells in G, (El-Deiry et al. 1993; Harper et al. 1993; Deng 
et al. 1995). Gadd45 is another transcriptional target and 
is involved in simulating DNA repair (Smith et al. 
1994). Besides its role in a Gj checkpoint, p53 also has 
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been implicated in having a role in G2/M. Fibroblasts 
null for p53 rapidly become aneuploid and polyploid 
in culture (Harvey et al. 1993), and after mitotic spindle 
damage these cells continue DNA replication in the 
absence of cell division and become polyploid (Cross et 
al. 1995). Interestingly, arrest after mitotic spindle 
damage is not dependent on pil^^'^^^^p* (Deng et al. 
1995). 

Apoptosis is also being recognized as an important ge- 
netic mechanism in controlling cancer. Increasing the 
apoptotic threshold may be important for tumor growth 
because, in addition to causing proliferation, oncogene 
expression is often associated with increased pro- 
grammed cell death (Evan et al, 1995). Additionally, an 
elevated apoptotic threshold contributes to radiation and 
chemotherapy resistance (Fisher 1994). p53 is also able to 
mediate apoptosis. Loss of p53 prevents thymocytes 
from undergoing apoptosis after gamma irradiation 
(Clarke et al. 1993; Lowe et al. 1993b) and decreases the 
efficacy of chemotherapy in vitro (Lowe et al. 1993a) and 
in vivo (Lowe et al. 1994). Loss of p53-mediated apopto- 
sis also potentially contributes to tumorigenesis in con- 
junction with the loss of tumor suppressor genes such as 
rb (Haffner and Oren 1995) or the gain of oncogenes such 
as c-myc (Evan et al. 1995). 

The inappropriate expression of antiapoptosis genes 
including members of the bd-2 family is another way to 
raise the apoptotic threshold of cancer cells (Hockenbery 
1995). Overexpression of either Bcl-2 or the related pro- 
tein Bc1-Xl can protect tumor cells from a wide variety of 
apoptotic stimuli and confers a multidrug resistance 
phenotype (Miyashita and Reed 1993; Dole et al. 1994; 
Miim et al. 1995). Recent evidence shows that Bc1-Xl can 
be highly expressed in both primary tumors and tumor 
cell lines (Dole et al. 1995; Schlaifer et al. 1995). 

One function of cell cycle checkpoints is to prevent 
the expansion of cells with unrepaired genetic damage. 
In theory, mutations in any of numerous genes involved 
in a checkpoint pathway could result in accumulation of 
damaged cells. These include genes involved in sensing 
the damage, causing cell cycle arrest, initiating repair, or 
inducing apoptosis. Whether most cell cycle checkpoint 
controls are simple linear pathways or involve several 
independent pathways remains unclear. In a linear path- 
way, apoptosis may require cell cycle arrest, and simply 
disrupting the arrest mechanism may prevent death and 
allow expansion of damaged cells. Aitematively, if arrest 
and apoptosis are controlled independently, disrupting 
cell cycle arrest would still allow damaged cells to un- 
dergo apoptosis. Independent control of cell cycle arrest 
and apoptosis predicts that the expansion of cells with 
abnormalities would occur only if both pathways are per- 
turbed, a prediction that is in accord with a multihit 
model of carcinogenesis. In the work presented here, we 
address these issues in the context of a cell cycle check- 
point that is responsive to mitotic spindle damage. Dam- 
age induced by agents that disrupt the mitotic spindle 
initiates a p53-dependent cell cycle arrest and causes ap- 
optosis in a marmer that is p53 -independent and in- 
hibitable by Bcl-x^. 
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Results 

Cells expressing Bchx^ have an increased propensity 
to become polyploid 

Cells transfected with bcl-x^, an antiapoptosis gene, 
have an increased propensity to become tetraploid after 
passage in cell culture when compared with cells trans- 
fected with a control vector. This was first noticed when 
the DNA content of murine FL5.12 cells transfected 
with bcl-x^ was measured during continuous passage in 
vitro. Using starting diploid clones, these cells often be- 
came tetraploid after only 2-3 weeks of culture. 

These initial observations prompted us to further ex- 
plore the relationship between Bc1-Xl expression and 
mechanisms involved in the control of ploidy. To assess 
whether Bc1-Xl enhanced the rate of spontaneous tetra- 
ploidization, FL5.12 cells were transfected with either a 
BcI-Xl expressioit vector (FL5-Bc1-Xl) or a Neo control 
vector (FL5-Neo), These bulk transfected populations 
were then cloned by limiting dilution, and after expan- 
sion, the percentage of tetraploid clones was examined. 
After limiting dilution cloning, 30.2% of the expanded 
FL5-Bc1-Xl clones were tetraploid, compared with 4.2% 
of the expanded FL5-Neo clones (Table 1). This result 
suggests that Bc1-Xl expression is able to enhance the 
rate of spontaneous tetraploidization. 

One way cells can become tetraploid is through dis- 
mption of the mitotic spindle and the failure of check- 
point controls to either arrest or repair the cells. To de- 
' termine whether Bc1-Xl influenced the fidelity of a mi- 
totic spindle checkpoint, we treated FL5-Neo and FL5- 
Bc1-Xl cells with nocodazole, a drug which disrupts the 
mitotic spindle by inhibiting microtubule polymeriza- 
tion. As seen in Figure 1, both FL5-Neo and FL5-Bc1-Xl 
cells arrested with a predominantly 4N DNA content 
after 24 hr of nocodazole exposure. This implies that 
Bc1-Xl does not affect the initial ability of checkpoint 
controls to arrest cells in M phase in response to mitotic 
spindle disruption. During the arrest, FL5-Neo cells rap- 
idly lost viability in the presence of nocodazole. By 72 hr, 
<10% of FL5-Neo cells were viable, and of those viable 
cells 15% had escaped the cell cycle arrest to give rise to 
cells with a greater than 4N DNA content. In contrast, 
cells expressing Bc1-Xl were -75% viable after 72 hr of 
nocodazole treatment and 40% of those cells had a 



Table 1. Spontaneous tetraploidization in cells 
expressing Bcl-Xi^ 





Number of 


Number 


Percent 


Cell type 


clones analyzed 


tetraploid 


tetraploid 


FL5-Neo 


48 


2 


4.2 


FL5-Bc1-Xl 


76 


23 


30.2" 



FL5.12 cells were transfected with either a Bc1-Xl expression 
vector (FL5 Bc1-Xl) or an empty Neo control vector (FL5-Neo). 
After selection, the bulk transfectants were cloned by limiting 
dilution. Clones were expanded and processed for DNA content 
analysis by flow cytometry. 
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Figure 1. Bc1-Xl expression promotes the accumulation of 
polyploid cells after mitotic spindle damage. FL5.12 cells were 
stably transfected with the pSFFV-Neo expression vector with a 
BcI-Xl cDNA insert (Bcl-xJ (01 and an empty expression vector 
as a control (Neo) (□). Cells were treated with nocodazole for 
the indicated times. [A] At each time, cells were harvested and 
viability was quantitated by determining the percentage of sub- 
diploid cells. IB) Cells were also processed for cell cycle analysis 
by flow cytometry of propidium iodide-stained cells. Shown are 
three-dimensional representations of overlaid DNA histograms. 
The X-axis corresponds to relative DNA content, as marked on 
the left graph. The z-axis represents hr of nocodazole treatment, 
as marked, and below these markings is the percentage of cells 
with a >4N DNA content. These data are representative of at 
least three independent experiments. 



greater than 4N DNA content. These experiments 
yielded similar results when done with various doses of 
nocodazole or vincristine (data not shown). Additionally, 
when nocodazole or vincristine was removed from FL5- 
Bc1-Xl cells at 48 and 72 hr of treatment, cells reinitiated 
exponential growth and the majority of the recovered 
cells were tetraploid. In contrast, the recovered FL5-Neo 
cells remained mainly diploid (data not shown). 

FL5.12 Cells have functional pS3 

Because it has been reported previously that cells mu- 
tated or null for p53 have elevated rates of polyploidy and 
aneuploidy, the p53 status of FL5.12 cells was investi- 
gated. The best characterized role for p53 is in the 
arrest following DNA damage (Kastan et al. 1992; Kuer- 
bitz et al. 1992). Thus, FL5-Neo and FL5-Bc1-Xl cells 
were irradiated with 5 Gy gamma radiation and analyzed 
for p53 induction and p53-dependent Gj arrest. FL5.12 
cells rapidly and transiently induced p53 protein after 
irradiation (Figure 2A). p53 protein levels peaked be- 
tween 30 min and 2 hr and returned to basal levels 
shortly thereafter. When an asynchronous population of 
either FL5-Neo or FL5-Bc1-Xl cells was irradiated, cell 
cycle analysis by bromodeoxyuridine (BrdU) incorpora- 
tion and DNA staining demonstrated that at 9 hr postir- 
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Figure 2. FL5 . 1 2 cells have functional p53 and a dominant neg- 
ative p53 protein is able to abrogate both p53-dependent cell 
cycle arrest and p53-dependent apoptosis. [A] FL5-Neo cells 
were gamma irradiated at 5 Gy. At the indicated times postir- 
radiation, cell lysates were made and analyzed by immunoblot- 
ting for p53. The position of p53 is indicated. The lower band 
seen on the blot is the result of nonspecific hybridization of the 
antibody. [B] FL5.12 cells were stably cotransfected with a Bcl- 
Xl expression vector and a DD expression vector (BcI-Xl + DD) 
or an empty expression vector and a DD expression vector (Neo 
+ DD). Clones were derived by limiting dilution. [Left] Expres- 
sion levels of DD for two representative clones determined by 
flow cytometry of cells intracellularly stained using PAb42l, an 
anti-p53 antibody that recognizes DD and endogenous p53. 
[Right] Immunoblot demonstrating expression levels for BcI-Xl- 
[C] The indicated cells were gamma irradiated at 5 Gy and 
pulsed with BrdU at 0 and 9 hr postirradiation. Two-color cell 
cycle analysis using flow cytometry is presented with BrdU in- 
corporation on the y-axis and propidium iodide DNA staining 
on the X-axis. Gates are drawn around the G,, S, and CJH cell 
cycle populations. The bottom left gate is Gj; the top gate is 
and the bottom right gate is G./M. The number in the lower 
right-hand comer of each graph is the ratio of the percentage of 
cells in S to the percentage of cells in G,. [D] The survival of 
FL5-Neo (Neo) and FL5-Neo + DD (Neo + DD) cells following 
treatment with either 1 \x%/m\ of etoposide (dark gray bars) or by 
inadiating with 5 Gy gamma radiation (light gray bars) was 
assayed as described in Materials and Methods. Shown is cell 
viability at 18 hr calculated as a percentage of an untreated 
control (means±standard deviations, n = 4). 
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radiation both FL5-Neo and FL5-BcI-Xl cells showed a 
distinct population of cells arrested in Gj (Figure 2C). 
Furthermore, the ratio of the percentage of ceils in S 
phase to the percentage of cells in G, phase decreased 
from 1.6 to 0.6 in FL5-Neo cells and from 1.7 to 0.6 in 
FL5-Bc1-Xl cells. 

To further confirm the presence of functional p53 in 
FL5.12 cells, we wished to show that the G, arrest phe- 
notype was p53-dependent. For this purpose, a dominant 
negative p53 miniprotein (DD) that comprises the last 89 
amino acids of wild-type murine p53 was used (Shaulian 
et al. 1992). DD oligomerizes with endogenous p53 and 
inhibits p53 from binding to its DNA consensus site. 
FL5.12 cells were cotransfected with either a DD expres- 
sion vector and a BcI-Xl expression vector or a DD ex- 
pression vector and a Neo control vector to create the 
stable cell lines FL5-BcI-Xl + DD and FL5-Neo + DD, 
respectively. Clones of each cell line were screened for 
expression of DD by flow cytometry of cells intracellu- 
larly stained with PAb421, an anti-p53 antibody that rec- 
ognizes both DD and the endogenous p53 stabilized by 
DD. FL5-Bc1-Xl -h DD and FL5-Neo + DD clones that 
stained similarly with PAb421 were chosen. Addition- 
ally, the FL5-Bc1-Xl + DD clones expressed similar lev- 
els of Bc1-Xl compared with the FL5-Bc1-Xl cells. Several 
clones were characterized, but shown here are represen- 
tative clones of FL5-Neo -i- DD and FL5-Bc1-Xl + DD 
(Figure 2B), As seen in Figure 2C, DD effectively abro- 
gated the DNA damage-induced Gi arrest in both Neo 
and Bc1-Xl backgrounds, as indicated by the increase in 
the S to Gi ratio 9 hr postirradiation. 

Because p53 has also been shown to mediate apoptosis 
in response to DNA damage, the ability of FL5.12 cells to 
imdergo p53-dependent apoptosis after either irradiation 
or treatment with etoposide was examined. As seen in 
Figure 2D, FL5-Neo cells rapidly died after either etopo- 
side treatment or inadiation. Stable transfection of the 
DD minigene was able to inhibit cell death under these 
conditions. Thus, the p53 expressed by FL5.12 cells is 
capable of inducing Gi cell cycle arrest and prompting 
apoptosis in response to DNA damage. 

p53 is induced in cells after mitotic spindle damage 

Knowing that FL5.12 cells express functional p53 and 
that p53 has been implicated in G^/M checkpoint con- 
trols, we determined whether p53 was induced after 
treatment with nocodazole. FLS-Bcl-x^ cells were treated 
with nocodazole for 72 hr, and p53 expression was ana- 
lyzed by immunoblotting (Figure 3A). p53 was induced 
and peaked between 8 and 48 hr of treatment. By 72 hr, 
p53 levels declined despite the continuous presence of 
nocodazole. p53 induction was similar in FL5-Neo cells 
(data not shown). 

As a test for p53 function after nocodazole treatment, 
FL5-Bc1-Xl cells were transfected with a CAT reporter 
construct that contained p53-specific DNA binding sites 
upstream of the promoter. Figure 3B demonstrates that 
p53 transactivated the reporter, and that this transacti- 
vation was induced more than threefold by nocodazole 
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Figure 3. p53 is induced and able to transactivate gene expres- 
sion after mitotic spindle damage. \A) FL5-Bc1-Xl cells were cul- 
tured with nocodazole for the indicated times. At each time, 
cell lysates were made and analyzed by immunoblotting for p53. 
( + ] Positive control lane for p53. [B] FL5-Bc1-Xl cells were trans- 
fected with CAT reporter constructs and either left in media 
alone ( - ) or treated with nocodazole (Noc] 6 hr after transfec- 
tion Cells were harvested for CAT assay at 48 hr post- 
transfection. Reporter constructs consisted of a basal promoter 
and the CAT gene either downstream of p53-specific DNA bind- 
ing sites (p53-CAT), mutant p53 DNA binding sites (mp53- 
CAT), or the RSV LTR (RSV-CAT). Equal transfection efficien- 
cies of p53-CAT and mp53-CAT transfected cells were deter- 
mined by CD20 surface staining after cotransfection with a 
CD20 reporter construct- These data are representative of two 
independent experiments. (C) FL5-Bc1-Xl cells and FL5-Bc1-Xl + 
DD cells were treated with nocodazole for the indicated times. 
At each time, cell lysates were made and analyzed by immuno- 
blotting for pil^^^'^cipi 

treatment. Little to no reporter activity was detected in 
cells transfected with a CAT reporter construct contain- 
ing mutated p53 DNA binding sites. In addition, 
p2jwafi/cipi^ a direct transcriptional target for p53; was 
also induced at the protein level by nocodazole treat- 
ment (Fig. 3C). Induction of pil^^^^^^^pi after nocoda- 
zole treatment is dependent on p53, as no induction was 
seen in cells transfected with DD. 

Abrogation of p53 function and expression of Bcl-x^^ 
cooperatively allow cells with mitotic spindle damage 
to continue cell cycle progression 

The induction of p53 expression after nocodazole treat- 
ment suggests that p53 may function in a checkpoint 
control that prevents cell cycle progression and/or 
causes apoptosis in cells with a disrupted mitotic spin- 
dle. To test this, FL5-Neo -I- DD and FL5-Neo cells were 
treated with nocodazole, and cell viabilities and DNA 
histograms were determined over the course of 72 hr. 
Expression of DD had only a marginal effect on nocoda- 
zole-induced cell death because both FL5-Neo and FL5- 
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Meo + DD cells died at similar rates over a treatment 
course of 3 days (Figure 4A). 

Despite marginal differences in viability, DD-express- 
ing cells displayed a dramatically different cell cycle pro- 
file compared with FL5-Neo cells. In contrast to FL5-Neo 
cells, which predominantly remained arrested with a 4N 
DNA content after 72 hr of nocodazole exposure, FL5- 
Neo + DD cells continued progressing through the cell 
cycle despite the presence of mitotic spindle damage 
(Figure 4B), Between 24 and 48 hr, the majority of sur- 
viving FL5-Neo + DD cells had a DNA content between 
4N and 8N, and at 72 hr, a significant fraction had a >8N 
DNA content. At the end of 72 hr, 68% of the surviving 
FL5-Neo + DD cells had a >4N DNA content compared 
with only 19% of the FL5-Neo cells. These data demon- 
strate that p53 is a necessary component of a checkpoint 
control that keeps cells with mitotic spindle damage 
from reinitiating DNA synthesis. 

Because Bc1-Xl expression is able to enhance the accu- 
mulation of polyploid cells after mitotic spindle damage 
despite the induction of functional p53, and because in- 
troduction of DD only slightly influences viability after 
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Figure 4. Expression of Bc1-Xl and abrogation of p53 function 
cooperatively allow accumulation and cell cycle progression of 
polyploid cells after mitotic spindle damage. [A] The indicated 
cells were treated with nocodazole for 72 hr. Every 24 hr, cell 
viability was determined by propidium iodide exclusion (means 
±s,D., n = 6). (O) Bc1-Xl; I#) Bc1-Xl + DD; (□) Neo; (■) Neo + 
DD. [B] The indicated ceils were treated with nocodazole for 72 
hr. Every 24 hr, cells were harvested and processed for cell cycle 
analysis by flow cytometry of propidium iodide-stained cells as 
described in the legend for Fig. I. These data are representative 
of at least three independent experiments. 



mitotic spindle damage, these results predict that after 
mitotic spindle damage the loss of p53 and the expres- 
sion of Bc1-Xl might work in at least an additive fashion 
to further increase the percentage of cells with a >4N 
DNA content. To test this, FL5-Bc1-Xl + DD cells were 
also treated with nocodazole. Figure 4A shows that the 
viabilities of FL5-BcI-Xl and FL5-Bc1-Xl + DD cells were 
similar. Both cell types were >75% viable after 72 hr of 
nocodazole exposure. However, whereas Bc1-Xl expres- 
sion alone permitted a gradual increase in SNxells dur- 
ing the 72-hr time course, Bc1-Xl expression combined 
with DD allowed rapid accumulation of 8N and then 
16N cells. By 72 hr, 86% of FLS-Bcl-x^ + DD cells had a 
>4N DNA content, and of these cells, most had a >8N 
DNA content. In contrast, only 52% of FL5-Bc1-Xl cells 
had a >4N DNA content and few cells had a >8N DNA 
content. When compared with cells that express DD 
alone, the introduction of Bc1-Xl into DD-expressing 
cells enhanced cell viability and the percentage of cells 
that continued cell cycle progression after mitotic spin- 
dle damage (Figures 4A and 4B). The increase in the per- 
centage of cells with a >4N DNA content was not a 
result of a higher level of DD in FL5-Bc1-Xl + DD cells 
compared with FL5-Neo + DD cells (Figure 2B). Thus, 
these data demonstrate that in cells with mitotic spindle 
damage, the inhibition of p53 function and the preven- 
tion of apoptosis through Bc1-Xl expression cooperate to 
overcome a checkpoint induced by mitotic spindle dam- 
age. 

Enforcing p53 levels in Bcl-x^-expressing cells inhibits 
cell cycle progression after mitotic spindle damage 

It has been demonstrated in many systems that blocking 
cell death with antiapoptosis genes does not prevent 
growth arrest (Hockenbery 1995). Therefore, we were in- 
terested in understanding why expression of an antiapo- 
ptosis gene like bcl-x^ resulted in the accumulation of 
polyploid cells in response to mitotic spindle damage. 

The kinetics of p53 expression after nocodazole treat- 
ment indicated that p53 levels did not remain elevated 
during the entire 72 hr of treatment (Figure 3A). The 48 
hr time point at which p53 levels began declining coin- 
cided with the time at which 4N cells began to accumu- 
late in FL5-Bc1-Xl cultures (Figs. 1 and 4B). This suggests 
that a potential mechanism by which Bc1-Xl influences 
the abihty of cells to remain arrested is by allowing cells 
to survive to a point after which p53 is downregulated, 
perhaps because of adaptation of the checkpoint path- 
way. Cells that are no longer able to maintain p53 nor- 
mally would die, but when apoptosis is prevented by 
BcI-Xl, these cells proceed to replicate their DNA. As a 
test of this model, we cotransfected FL5.12 cells with 
bcl-x^ and a temperature-sensitive p53 [tsp53]. For this 
mutant, incubation at the permissive temperature of 
32°C leads to high-level expression of p53 in a wild-type 
conformation, resulting in Gi arrest (Figure 5, cf. FL5- 
BcI-Xl and FL5-Bc1-Xl + tsp53). To determine if main- 
taining high levels of wild-type p53 in cells expressing 
Bc1-Xl could inhibit cell cycle progression after mitotic 
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Figure 5. Enforced p53 expression inhibits the abihty of Bc1-Xl 
to promote polyploidy after mitotic spindle damage. FL5.12 
cells, stably cotransfected with bcl-x^ and a temperature-sensi- 
tive p53 {bcl-x L + tsp53] or transfected with bcl-x alone [bcl- 
Xi), were either treated with nocodazole for 72 hr or left un- 
treated for 48 hr. One set of duplicate samples were maintained 
at 37°C and the other set was maintained at 32°C. Cells were 
then harvested for propidium iodide staining, followed by flow 
cytometry. The percentage of cells in G|, S, and G2/M is indi- 
cated in the upper right of the DNA histograms from the un- 
treated samples. The percentage of cells with a >4N DNA con- 
tent are shown for each histogram of the treated samples. These 
data are representative of three independent experiments per- 
formed with two different clones. 



spindle damage, FL5-Bc1-Xl + tsp53 cells were treated 
with nocodazole and shifted to 32^*0. As seen in Figure 5, 
enforced expression of a wild- type form of p53 in FL5- 
Bc1-Xl + tsp53 cells inhibited cell cycle progression after 
72 hi of nocodazole treatment compared with FL5-Bc1-Xl 
cells. At the restrictive temperature of 37°C, the tsp53 is 
in a mutant conformation and acts as a dominant nega- 
tive. Therefore, when compared with cells expressing 
BcI-Xl alone, FL5-Bc1-Xl + tsp53 cells at 37°C had an 
increased percentage of cells with a >4N DNA content 
after nocodazole treatment, consistent with the data ob- 
tained from the DD transfectants. Thus, maintaining 
high p53 levels at later time points of nocodazole treat- 
ment is sufficient to antagonize the ability of Bc1-Xl to 
promote the accumulation of polyploid cells. 

Mitotic spindle damage induces a transient M phase 
arrest that is not affected by either p53 or Bcl-x 

The fact that the checkpoint control that is active after 
mitotic spindle damage is p53 dependent and arrests 
cells with a 4N DNA content suggests that p53 may be 
working to arrest cells in mitosis. To determine whether 
nocodazole-treated cells display a prolonged M-phase ar- 
rest, we analyzed three well-characterized M-phase 
markers: Cyclin Bl expression, MPM-2 expression, and 
the presence of condensed mitotic chromosomes. FL5- 
Neo and FL5-Bc1-Xl cells treated with nocodazole dem- 
onstrated high levels of Cyclin Bl expression at 8 hr, 
consistent with an accumulation of cells in M phase (Fig- 
ure 6A|. However, Cyclin Bl levels declined to near in- 
terphase levels by 24 hr, demonstrating that the majority 



of the cells did not remain arrested in mitosis. A Cdc^ 
immunoblot showed that Cdc2 did not undergo a similar 
decline in expression, arguing against a general decrease 
in protein synthesis. 

MPM-2 is an epitope whose expression is restricted to 
M phase (Davis et al^ 1983). Flow cytometry on nocoda- 
zole-treated cells intracellularly stained for MPM-2 was 
used to follow the percentage of cells that were in M 
phase at various times during nocodazole treatment. The 
left panels of Figure 6B show that at 12 hr, nearly 50% of 
the FL5-Neo cells were positive for MPM-2, demonstrat- 
ing that an M-phase arrest did occur; however, the per- 
centage of MPM-2 positive cells began to decline there- 
after. By 24 hr of nocodazole treatment, the percentage of 
cells that were MPM-2 positive was only threefold 
higher than interphase levels. Thus, the decrease in 
MPM-2 reactive cells at 24 hr (and at later time points; 
data not shown], despite evidence of a prolonged p53- 
dependent cell cycle arrest by DNA staining, suggests 
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Figure 6. Mitotic spindle damage causes a transient arrest in 
mitosis as determined by the expression of mitotic proteins. 
FL5-Neo and FL5-Bc1-Xl cells were treated with nocodasole for 
the indicated times. [A] Cell lysates were made and analyzed by 
immunoblotting for Cyclin Bl and Cdc2. [B] FL5-Neo cells and 
FL5-Neo + DD cells were analyzed for the percentage of cells in 
mitosis by flow cytometry of MPM-2 stained cells. Results are 
plotted with MPM-2 fluorescence on the y-axis and forward 
scatter on the x-axis. The percentage of cells that are MPM-2 
positive is indicated in the upper right-hand comer. For the 24 
hr time point, a box is drawn that indicates the population of 
cells that demonstrate an increase in forward scatter. This pop- 
ulation comprises 6.4% of the total FL5-Neo population and 
22.7% of the total FL5-Neo + DD population. These data are 
representative of three independent experiments. 
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that p53 does not cause an extended arrest in m.tosis^ 
consistent with this interpretation a simdar analysis on 
FL5-Neo + DD cells showed that the kinetics o MPM-2 
reactivity was nearly identical to FL5-Neo cells (righ 
nanels of Fig. 6B). However, one notable difference is that 
hr the FLS-Neo + DD cells contained a large pop- 
ulation that was MPM-2 negative and had an increase in 
cdl s°ze as indicated by an increase in forward light scat- 
he 1 his ^pulation is boxed in Fig. 6B|. This population 
SelTreflects the failure of FLS-Neo + DD cells to un- 
dergo a p53-dependent cell cycle anest that occurs after 
a transient M-phase anest. 

-S^onfirm that MPM-2 staining accurately represen^ 
mitotic cells, nocodazole-treated cells were stained with 
anti-MPM-2 antibody ^^d D API. Confocal mi- 
croscopy demonstrated that in both FL5-Neo and FL5^ 
Bc^Zms, approximately half of the cells accumulated 
MPM-2 fluorescence at 16 hr of nocodazole treatment 
whSi is cdnsistent with the flow cytometry analysis 
Za not shown). These cells all exhibited condensed 
mkotic chromosomes, and almost all ce Us that were 
MPM-2 negative exhibited decondensed chromatin 
Snstrating that MPM-2 reactivity -d the presenc 
of condensed mitotic chromosomes are nearly always 
coincidental. In FLS-Neo cells, condensed f oP»o"^ 
clef were also seen. By 24 hr of nocodazole treatment, 
FLS-Bcl-x, cells and FLS-Neo cells Predommantly exhib- 
ited interphase chromatin and were negative for MPM-2. 

In response to mitotic spindle damage p53 is not 
induced in mitosis but duiing a subsequent growth 
phase where it mediates cell cycle anest 
Thus far, we have shown that p53 is induced after mi- 
totic spindle damage and its 

keening the damaged cells anested with a 4N DNA con 
Sowever, it tould seem that the cells anested with 
a 4N DNA content are not necessarily arrested in mito- 
sis Arrest in mitosis is short and uninfluenced by p53 
This suggests that the induction of p53 might occur after 
ceUs released from M-phase anest. For this reason 
nocodazole-treated cells were intracellu arly stained 
wUh antibodies against both p53 and MPM-2 to test d. 
rectly whether mitotic cells expressed the induced p53 
protein Figure 7A shows that p53 and MPM-2 staining 
were mutSuy exclusive. At 12 hr, MPM-2 staining 
peaked at 45%, just when p53 staining be^an^e d^^^^^^^^^^ 
able. Between 12 and 24 hr, there was ^ ~f /"/^"^^ ^ 
in MPM-2 positive cells, in contrast to the 27 /» gam in 
^53 positive cells. The loss in the percentage of MPM-2 
TosiSve cells seen from 12 to 24 hr can be approxmiately 
accounted for by the gain in the percentage of P°«' 
tive cells. At no time during the -"^.^V^s was there a 
significant percentage of cells expressing both proteins^ 
Se data suggest that in response to mitotic spmd e 
Siie p53 is induced after a transient mitotic anest. 

Becfuse the nocodazole-induced M-phase anest is 
transient and does not involve p53, we were "^t"e«ed m 
knowing the cell cycle phase that ceUs proceed to after 
anest. Based on kinetics, this cell cycle phase is 
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Figure 7. p53 induce.! after mitotic spindle damage is not ex- 
posed in cells arrested in mitosis but instead expressed in a 
subsequent G,-like phase. FL5-Bd-x, cells were treated wuh 
nocodazole fo the indicated times. (A) These cells were mtr ^ 
ceSarly stained for both MPM-2 and p53 expression and were 
an ryz d Jy flow cytometry. MPM-l fluorescence is on the 
J axis and p53 fluorescence is on the x-axis Quadrants a e 
Ihown and the percentage of cells in the -gle-posmve^P^^^^^^^^ 
lations and the double-positive population is given. B) FL5 Bel 
X eel s Ld FL5-BC1-X, + DD cells were treated with nocoda- 
: le orThe indicated times. At each time Poin. ceU lysate 
were made and analyzed by immunobloturig for Cydm E _The 
IZ at the top of the gel is nonspecific and ser.es ^ a loadmg 
control (C) At 9 hr after addition of nocodazole, IL-3 was re 
^rd from the medium by washing and -usP-ding the ceU 
in IL-3-fiee medium containing nocodazole. After 72 hr, cel^ 
we^ ha^ested and processed for cell cycle analysis by flow 
momet^^ of propidium iodide-stained cells. The percentage o 
ce Is wUh a >4N DNA content is shown. No major differences 
m ceU urtival of FL5-Bcl-x, cells treated in the presence o 
lence of IL-3 were observed. These data are representative of 
two independent experiments. 



presumably where p53 is induced and mediates cell eye e 
anest The most likely situation is that the transiently 
anested cells reset to G.. To test this, the expression 
n^ttem of Cyclin E, a late cyclin, dunng nocodazole 
re"tment of^FLS-Bcl-x, cells and ^ ^S-Bcl-^H- DD c 
was analyzed. As seen in Figure 7B, m both FL5-Bcl x^ 
Tel s and'FL5-Bcl-x, + DD cells, nocodazole treatmen 
au ed an initial decrease in Cyclin E expression as cells 
transiently arrested in M phase. Howeve^ m boj POP^ 
ulations of cells, Cyclin E began to 
hr of nocodazole treatment. In FL5-Bcl-x, cells, once Cy 
dtn E reaccumulated its expression was 
the rest of the culture period. In contrast, in FL5-Bcl-x, 
+ DD cells once reaccumulated, Cyclm E agam de- 
clined as cells began to resynthesize DNA. These ^ta 
suggest that cells with mitotic spindle damage undergo a 
p53-dependent anest in a state similar to late G, 
^ As an independent confinnation that cells with nu- 
totic spindle damage reset to G„ we took advantage of 
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the fact that FL5.12 cells are dependent on IL-3 for Gi 
cell cycle progression. As seen in Figure 7C, when IL-3 
was removed from the media at 9 hr of nocodazole treat- 
ment FL5-Bc1-Xl cells did not go on to replicate their 
DNA. Because IL-3 is necessary for the cells to pass the 
G| restriction point, its requirement for generating cells 
with a >4N DNA content after mitotic spindle damage 
further supports that passage through a growth factor- 
dependent Gj-Iike phase occurs after the transient mi- 
totic arrest. 

Discussion 

In this study, we show that mitotic spindle damage ac- 
tivates a checkpoint control that prevents DNA replica- 
tion of damaged cells by causing p53-dependent cell cy- 
cle arrest and p53-independent apoptosis. If cells are pre- 
vented from undergoing apoptosis by expression of 
Bc1-Xl; we find that this promotes the accumulation of 
polyploid cells. Bc1-Xl does not seem to oveaide the 
checkpoint induced by mitotic spindle damage but 
rather allows cells to survive until the p53-dependent 
arrest pathway either becomes exhausted or undergoes 
adaptation. Once the p53-dependent checkpoint decays, 
Bcl-XL-protected cells replicate their DNA, despite hav- 
ing failed to properly execute the previous M phase. 
When p53 expression is enforced, resulting in continu- 
ously high levels of p53, DNA replication is inhibited. 
Further evidence that apoptosis is an important mecha- 
nism used to prevent polyploidy is the observation that 
cells that overexpress BcI-Xl have higher rates of spon- 
taneous tetraploidization. 

The finding that p53 is a component of a checkpoint 
following mitotic spindle damage is consistent with pre- 
vious reports (Cross et al. 1995). We find that p53 func- 
tions to keep cells with spindle damage anested with a 
4N DNA content. The introduction of DD, a dominant 
negative p53 miniprotein, abrogates the cell cycle arrest 
observed following mitotic spindle damage. These cells 
go on to become 8N and then 16N during the 72 hr of 
nocodazole treatment. During the 72 hr time course, 
16N cells are not seen in cells that overexpress Bc1-Xl 
alone, emphasizing the differences in the way DD and 
Bc1-Xl function. With Bc1-Xl, cells are rescued from ap- 
optosis and survive long enough to escape cell cycle ar- 
rest; however, these cells likely stop at the same check- 
point in the next cell cycle. In contrast, cells with DD 
lack the p53-mediated arrest altogether and are able to 
proceed through multiple rounds of DNA replication. 
However, these cells still lose viability at a rate compa- 
rable to wild-type cells. 

The inability of DD to prevent apoptosis after mitotic 
spindle damage suggests that FL5.12 cells undergo cell 
death via p53-independent mechanisms. DD is able to 
inactivate p53-mediated apoptosis as demonstrated by 
experiments analyzing cell death after irradiation and 
etoposide treatment. Nevertheless, because we have 
used Bc1-Xl overexpression to prevent apoptosis in our 
studies and Bc1-Xl overexpression can inhibit both p53- 
dependent and p53-independent apoptosis, we cannot ex- 



clude an additional role for p53-dependent apoptosis in 
preventing the development of polyploid cells following 
mitotic spindle damage. 

Many reports have suggested that arrest and apoptosis 
are downstream effects dependent on p53 and important 
in endowing p53 with tumor-suppressing properties (Cox 
and Lane 1995; Haffner and Oren 1995). Under circum- 
stances where p53 mediates cell death, cooperation be- 
tween loss of p53 and overexpression of antiapoptosis 
genes would not be expected. However, our data suggest 
that under circumstances where damaged cells imdergo 
p53-independent cell death and p53-dependent cell cycle 
arrest, the expression of antiapoptosis genes can cooper- 
ate with the loss of p53 to enhance the accumulation of 
genetically damaged cells. Following mitotic spindle 
damage, p53-dependent growth arrest and p53-indepen- 
dent apoptosis can form a partly redundant checkpoint 
control system t© abort genetically aberrant cells. Cells 
suffering mitotic spindle damage that are blocked from 
apoptosis can still cease or dramatically slow prolifera- 
tion as a result of the arrest pathway. Conversely, cells 
suffering mitotic spindle damage that are prevented from 
undergoing growth arrest can still die as a result of the 
cell death pathway. Elimination of both pathways can 
cooperatively enhance the ability of cells with mitotic 
spindle damage to accumulate and progress through the 
cell cycle. 

Recent data have suggested that p53 has a role in Gj 
and/or M phase of the cell cycle. p53-null fibroblasts 
rapidly become polyploid and aneuploid during cell pas- 
sage (Harvey et al. 1993) or after treatment with a mi- 
totic spindle poison (Cross et aL 1995). Erythroid cell 
lines from p53 knockout mice are stably diploid but are 
susceptible to polyploidization (Metz et al. 1995). p53 
has been shown to be phosphorylated by G2/M cyclins, 
resulting in altered DNA binding specificity (Wang and 
Prives 1995). p53 expression from an inducible promoter 
is able to arrest cells in G2/M (Agarwal et al. 1995). How- 
ever, despite these observations that seem to support a 
role for p53 in G2/M, we fail to observe any evidence for 
such a role for p53 after mitotic spindle damage. 

Our data suggest that in murine cells, M phase-specific 
checkpoint controls that monitor mitotic spindles, as 
suggested by studies in yeast (Hoyt et al. 1991; Li and 
Murray 1991) and Xenopus (Minshull et al. 1994) and 
checkpoints that monitor kinetochores (Li and Nicklas 
1995; Rieder et al. 1995) may only lead to a transient 
mitotic arrest. These data are consistent with previous 
findings (Kung et al. 1990). However, in addition, we 
show that this transient M-phase arrest does not involve 
p53. Rather, after the transient M-phase arrest, cells de- 
fault to what appears to be a Gj-like phase in which the 
cells are MPM-2 negative, low in Cyclin Bl, high in Cy- 
clin E, and have interphase chromatin. It is at this point 
that p53 is induced and mediates growth arrest. After 
mitotic spindle damage, p53 may function in a pathway 
that senses the consequences of an abortive mitosis. An 
abortive mitosis may induce p53 due to DNA damage or 
topological structures caused by the failure to properly 
segregate sister chromatids. Alternatively, because p53 
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has been shown to influence centrosome duplication 
(Fukasawa et al. 1996), the presence of more than one 
centrosome in a G, cell due to mitotic failure may also 
lead to p53 induction. Thus, true mitotic checkpoints 
can function to monitor events within M phase to assure 
proper anaphase, whereas p53 can function subsequently 
to prevent cells that have failed M phase from reinitiat- 
ing DNA replication. Figure 8 presents a model that 
summarizes our findings. 

The disruption of genes involved in cell cycle check- 
point controls has long been recognized as one way cells 
can accumulate karyotypic abnormalities. However, 
checkpoint controls that simply lead to growth arrest 
may not be enough to ensure faithful cell division. Our 
data demonstrate that cell death pathways can also play 
an important role in preventing the accumulation of ge- 
netically abnormal cells. One reason for this may be that 
in the presence of constant stimuli, checkpoint path- 
ways, like other signal transduction pathways, can un- 
dergo adaptation and lose activity (Sandell and Zakian 
1993), Apoptosis may provide a mechanism to abort cells 
before adaptation occurs. 



Materials and methods 

Cell culture and cell transfections 

The murine prolymphocytic IL -3 -dependent cell line, FL5.12 
was maintained as described previously (Boise et al. 1993). To 
create FL5-Bc1-Xl or FL5-Neo cell lines, transfection with either 
pSFFV-BcI-Xl or pSFFV-Neo (Boise et al. 1993) was performed 
using 10 ^.g of plasmid, electroporated into 1 x 10^ cells at 960 
^.F and 250^ V. Neomycin-resistant cells were selected with 1 
mg/ml G418. Single cell clones from the bulk transfection were 
derived by limiting dilution cloning. Clones were screened for 
Bc1-Xl expression by immunoblotting with 2A1, a mouse mono- 
clonal antibody to Bc1-Xl (see below). To create FL5-Neo -\- DD, 
FL5-Bc1-Xl + DD, or FL5-Bc1-Xl + tsp53 cell lines, FL5.12 cells 
were cotransfected with either pCMVDD (Shaulian et al. 1992) 
or pLTRp53cGvall35 (Yin et al. 1992) and either pSFFV-Bcl-XL 
or pSFFV-Neo. Clones containing DD were screened by flow 
cytometry of cells intracellularly stained with PAb421, and 
clones containing tsp53 were screened by inmiunoblotting with 
PAb240. Several clones from all cell lines were used in experi- 
ments and were found to give similar results. 

For drug treatments, cells were resuspended in medium with- 
out G4I8 at a concentration of 5 x 10^ cells/ml, along with 
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Figure 8. Proposed model for the cellular response to mitotic 
spindle damage. See text for details. _ 



nocodazolc (Sigma). Various doses of nocodazole were tested 
from 0.01 to 0.6 M-g/ml; however, 0.1 pLg/ml was generally cho- 
sen for most experiments. Cell death of FL5-Neo and FL5-Neo 
+ DD cells in response to etoposide and irradiation was deter- 
mined essentially as described previously (Canman et al. 1995). 
In brief, cells were washed three times and resuspended in me- 
dium without IL-3. Cells were then either irradiated with 5 Gy 
gamma radiation or treated with 1 yL$/m\ etoposide. Viability 
was determined at 18 hr as a percentage of an untreated control. 

Cell viability and cell cycle analysis 

Cell viabiUty was determined by propidium iodide exclusion, as 
described previously (Minn et al. 1995). The percent viabihty 
was calculated as a percentage of either the viability at 0 hr or 
the viability of an untreated control. Cell cycle analysis by 
DNA staining alone was assayed by staining fixed cells with 
0.01 mg/ml of propidium iodide. Cells were assayed by flow 
cytometry and the analysis was gated to exclude subdiploid 
cells and cell doublets. For celt cycle statistics, data was quan- 
titated with CellFit software (Becton Dickinson) using the RFIT 
analysis mode. For cell cycle analysis by DNA staining and 
BrdU incorporation, 1x10* cells were pulsed for 30 min with 
25 ^iM of BrdU (Boehringer Mannheim), harvested, and fixed 
with ethanoL Fixed cells were then washed and incubated in 1 
ml of 2.5 M HCl + 0. 1 % Triton X- 100 in PBS for 25 min at room 
temperature and then washed twice with 4 ml of neutraliza- 
tion/wash solution (0.5% Tween-20 in PBS). The cells were 
resuspended in 100 ^.1 of antibody staining solution (50% fetal 
calf serum + 0.01% sodium azide in PBS) along with 4 ^il of 
FITC-conjugated anti-BrdU antibody (Boehringer Mannheim) 
and incubated at room temperature in the dark for 30 min. Cells 
were washed twice with PBS and resuspended in 0.5 ml of PBS. 
Ten micrograms of propidium iodide were added. Samples were 
then analyzed by flow cytometry. 

/mm uno Wotting 

Protein lysates were made by lysing cells in RIP A (150 mM 
NaCl, 1% NP-40, 0.5% DOC, 0.1% SDS, and 50 mM Tris at pH 
7.5) supplemented with 8 \x^/ml aprotinin, 2 fig/ml leupeptin, 
and 170 \ig/m\ PMSF. Western blots were prepared as described 
previously (Minn et al. 1995) and blocked with blotto (5% non- 
fat milk and 0.05-0.2% Tween-20) for 1 hr at room temperature. 
The blot was then probed with either a 1 : 10000 dilution of 2A1 
(mouse monoclonal anti-Bcl-Xi, antibody) (Boise et al. 1995), 1 
^g/ml of PAb240 (mouse monoclonal anti-p53 antibody, Santa 
Cruz), 1 ^lg/ml of a mouse monoclonal anti-Cyclin Bl antibody 
(Pharmingen), 1 jig/ml of a mouse monoclonal anti-Cdc2 anti- 
body (#sc-54, Santa Cmz), 0.5 jxg/ml of a rabbit polyclonal anti- 
p21 antibody (#sc-397, Santa Cruz), or 0.5 ^xg/ml of a rabbit 
polyclonal anti-Cyclin E antibody l#sc-481, Santa Cruz) for 1 hr 
at room temperature in blotto. The blot was washed and devel- 
oped with the ECL system (Amersham). 

Intracellular staining for flow cytometry 

For intracellular staining, 1 x 10* cells were fixed with 1% 
paraformaldehyde in PBS for 10 min at room temperature. Cells 
were then washed in wash solution (0.03% saponin in PBS) and 
resuspended in 100 jil of staining solution (0.3% saponin and 
20% goat serum in PBS) along with 1 p-g of PAb421 (Oncogene 
Science) and/or 0.5 jil of a mouse monoclonal anu-MPM-2 an- 
tibody (Upstate Biotechnology) for 30 min at 4"'C. CeUs were 
then washed twice with wash solution and resuspended in 100 
\xl of staining solution without goat serum. For p53 staining or 
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* MPM-2 staining alone, a 1:50 dilution of a FITC-conjugated 

anti-mouse igG antibody (Sigma| was used. For p53 and MPM-2 
double-staining, a 1:50 dilution of each of a FlTC-conjugated 
anti-mouse IgG2a (Caltag) and a PE-conjugated anti-mouse IgGl 
(Caltag) was used. Staining using the secondary antibodies was 
done for 30 min at 4°C. Cells were then washed twice with wash 
solution and resuspended in FACS buffer (0.1% sodium azide 
and 1% BSA in PBS). Cells were then analyzed by flow cytom- 
etry. 



ChloTamphenicol acetyltransferase assay 

For CAT assays, cells were grown to 5 x 10^ cell /ml and 
1 X 10^ cells were electroporated with 10 n-g of either pPGi3- 
CAT (containing p53 DNA binding sites) or pMGij-CAT (con- 
taining mutated p53 DNA binding sites) (Kern et al. 1992) along 
with 10 |xg of pCMVCD20 (Van den Heuvel and Harlow 1993). 
After 6 hr, 0.1 |xg/mi of nocodazole was added to two-thirds of 
the cells. At 48 hr, cells were stained for CD20 expression using 
a FITC-conjugated anti-CD20 antibody (Becton Dickinson) and 
analyzed by flow cytometry for equal transfection efficiencies. 
Cells were also harvested at 48 hr, washed with PBS, and resus- 
pended in 100 ^tl of 0.25 m Tris (pH 7.8). Cells were lysed by 
three rounds of freezeing and thawing, and cellular debris was 
cleared by centrifugation at 14,000g for 5 min at 4''C. Protein 
concentration was quantitated by Bradford protein assay (Bio- 
Rad). Seventy micrograms of acetyl CoA and I \xCi of ''^C-chlo- 
ramphenicol were added to 50 M-g of protein in 140 jjlI of 1m Tris 
(pH 7.8). The sample was then incubated for 2 hr at 37°C. After 
ethyl acetate extraction, the organic layer was lyophilized for 15 
min, resuspended in 30 \lI of ethyl acetate, and spotted on a 
thin-layer chromatography plate. After separation, the plate was 
air-dried and exposed to film. 
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The pituitary transforming gene, PTTG, is abun- 
dantly expressed in endocrine neoplasms. PTTG 
has recently been recognized as a mammalian se- 
curin based on its biochemical homology to Pds1p. 
PTTG expression and intracellular localization 
were therefore studied during the cell cycle in hu- 
man placental JEG-3 cells. PTTG mRNA and pro- 
tein expressions were low at the G^/S border, grad- 
ually increased during S phase, and peaked at 
G2/M, but PTTG levels were attenuated as cells 
entered G^. In interphase cells, wild-type PTTG, an 
epitope-tagged PTTG, and a PTTG-EGFP conju- 
gate all localized to both the nucleus and cyto- 
plasm, but in mitotic cells, PTTG was not observed 
in the chromosome region. PTTG-EGFP colocal- 
ized with mitotic spindles in early mitosis and was 
degraded in anaphase. Intracellular fates of PTTG- 
EGFP and a conjugate of EGFP and a mutant inac- 
tivated PTTG devoid of an SH3-binding domain 
were observed by real-time visualization of the 
EGFP conjugates in live cells. The same cells were 
continuously observed as they progressed from 
G^/S border to S, G^/M, and G^. Most cells (67%) 
expressing PTTG-EGFP died by apoptosis, and few 
cells (4%) expressing PTTG-EGFP divided, whereas 
those expressing mutant PTTG-EGFP divided. 
PTTG-EGFP, as well as the mutant PTTG-EGFP, 
disappeared after cells divided. The results show 
that PTTG expression and localization are cell cy- 
cle-dependent and demonstrate that PTTG regu- 
lates endocrine tumor cell division and survival. 
(Molecular Endocrinology 14: 1137-1146, 2000) 



INTRODUCTION 

Pituitary tumor transforming gene (PTTG) was identi- 
fied in rat pituitary tumor cells by differential mRNA 
display (1). Human PTTG (2, 3) Is highly expressed in 
pituitary tumors (4, 5) and other neoplasms (3, 6, 7). 

0888-8809/00/$3.00/0 
Molecular Endocrinology 14(8): 1137-1146 
Copyright O 2000 by The Endocrine Society 
Printed in U.SA. 



Levels of PTTG expression positively correlate with 
pituitary tumor invasiveness (4) and are induced by 
estrogen (5). The mechanism of PTTG action is not 
clear. PTTG up-regulates basic fibroblast growth fac- 
tor secretion (2) and transactivates DNA transcription 
(Refs. 3 and 8 and Honwitz, G. A., Z. Wong, X. Zhang, 
and S. Melmed, unpublished). Recently, PTTG protein 
has been recognized as a mammalian securin protein 
that maintains binding of sister chromatids during mi- 
tosis (10). At the end of metaphase, securin is de- 
graded by an anaphasepromoting complex, releasing 
tonic inhibition of separin, which in turn mediates deg- 
radation of cohesins, the proteins that hold sister chro- 
matids together. Overexpresslon of a nondegradable 
PTTG disrupts sister chromatid separation (10). 

Since PTTG was Identified, its cellular characteris- 
tics have not been studied. To address the mechanism 
of PTTG action, we studied PTTG expression and 
intracellular localization during the cell cycle in human 
placental JEG-3 cells, which are among the few avail- 
able human endocrine cells in culture. The effects of 
PTTG expression on the cell cycle were also ad- 
dressed. JEG-3 cells secrete hCG both basally and in 
response to a variety of stimulants (1 1-13). Our results 
show that PTTG expression and localization are cell 
cycle dependent and demonstrate that PTTG regu- 
lates placental tumor cell division and survival. 

RESULTS 

Cell Cycle-Dependent PTTG Expression 

Human placental JEG-3 cells express PTTG (Fig. 1). 
After JEG-3 cells were synchronized at the G/S bor- 
der with double thymidine block and then released, 
they gradually entered 8, Ga/M, and Gi over 15 h (Fig. 
1A). JEG-3 cells were also synchronized at the G^/S 
border and at Ga/M by treating with aphidicolin and 
nocodazole. respectively (Fig. 1A). PTTG mRNA ex- 
pression was low at the G^/S border achieved by 
double thymidine block or by incubation with aphidi- 
colin (Fig. 1 B). When cells were released, PTTG mRNA 
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Rg. 1. Cell-Cycle Dependent Expression of PTTG wi ^ 

JEG-3 cells were synchronized at G,/S border by double thymidine block and then released. JEG-3 cells were also blocked 
at the Gn/S border by aphidicolin, or at G2/M by nocodazole. A, Phase components measured by flow cytometry after release from 
double thymidine block, or after treatments with aphidicolin or nocodazole. B, Con-esponding PTTG mRNA measured by Northern 
blotting. Equal amounts of total RNA (10 /ig) were loaded in each lane. C, PTTG protein after release from double thymidine block 
measured by Western blotting using a rabbit antiserum against PTTG. Equal amounts of protein (150 tig) were loaded in each lane. 
D JEG-3 cells were transiently transfected with a pClneo plasmid encoding PTTG and endogenous and overexpressed PTTG in 
cycling JEG-3 cells were shown in Western blot stained with rabbit anti-PTTG. UT, Untransfected, and T, transfected with PTTG. 
Experiments were repeated two to three times with similar results. 



increased through the S phase and plateaued at Ga/M 
(2.0 ± 0.3-fold over Gi/S). Cells synchronized by no- 
codazole also expressed higher nnRNA levels than did 
cycling cells. PTTG protein expression followed a sinn- 
ilar cycle-dependent course (Fig. 10). PTTG protein 
levels assessed by Western blotting were very low in 
cells at the G^/S border, increased through S phase, 
and peaked at G2/M (2.4 ± 0.6-fold over Gi/S). When 
cells divided, PTTG protein levels again decreased. 

Localization of PTTG Protein in Interphase 
and Mitosis 

Endogenous PTTG protein expression was low in cy- 
cling JEG-3 cells (Fig. ID), and no significant results 
were obtained after imnnunofluorescent staining of 
those cells with rabbit anti-PTTG serum. To study 
PTTG localization, JEG-3 cells were transfected with 
plasmids encoding wild-type PTTG, a FLAG epitope- 



tagged PTTG (PTTG-FLAG), or a conjugated PTTG 
and EGFP protein (PTTG-EGFP). Intracellular localiza- 
tion of wild-type PTTG was followed by immunofluo- 
rescent staining using a rabbit anti-PTTG serum. No 
significant staining was found when transfected cells 
were stained with preimmune serum or when untrans- 
fected celts were stained with antiserum. Localization 
of Fi-AG-tagged PTTG was revealed with immunofiu- 
orescent staining using the M2 monoclonal antibody. 
Again, no significant immunoreactivity was observed 
when transfected cells were stained with an in-elevant 
monoclonal antibody or when untransfected cells 
were stained with the M2 antibody. The PTTG-EGFP 
conjugate was directly visualized after fixing. JEG-3 
cells were also stained with Hoechst 33258 to delin- 
eate nuclear structures. In cycling JEG-3 cells, local- 
izations of the three PTTG protein constnjcts were 
simitar. During interphase, wild-type PTTG protein 
(Fig. 2a) and the tagged PTTG proteins (Fig. 2. b and 
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c) were evident throughout the cell, but PTTG was 
rriore concentrated in the nucleus than in the cyto- 
oiasm. Both the PTTG signals as well as DNA ap- 
peared distinct from the nucleoli. In some cells, PTTG 
protein also localized on the plasma membrane (found 
jp <5% of transfected cells) (Fig. 2c). Localization of 
PTTG protein constructs was similar regardless of 
their respective expression level. Similar results were 
obtained when PTTG-EGFP was expressed in a vari- 
ety of other cell lines including 3T3 murine fibroblast, 
GH3 and AtT20 rat pituitary tumor, SKOV-3 human 
ovarian cancer, MCF-7 human breast cancer, and 
COS-7 monkey kidney cells (data not shown). 

Localization of PTTG-EGFP in cycling cells, most of 
which were in interphase, was confirmed by cell frac- 
tionation (Fig. 3). JEG-3 cells were transfected with 
plasmids encoding EGFP alone or PTTG-EGFP, EGFP 



and PTTG-EGFP were determined in cytosolic and 
nuclear fractions by Western blotting. EGFP was de- 
tected predominantly in the cytosol while PTTG-EGFP 
localized mostly in cell nuclei. The cytosolic fraction of 
ceils expressing PTTG-EGFP contained two discrete 
EGFP antibody-reactive proteins in addition to EGFP, 
probably due to proteolysis of PTTG-EGFP. The purity 
of the cytosolic and nuclear fractions was confimned 
by Western blot using cytosolic marker protein tubulin 
and nuclear marker protein lamln. No similar visualiz- 
ing attempts were made on mitotic cells because they 
do not exhibit defined nuclei. 

In metaphase cells evidenced by aligned chromo- 
somes and characteristic spindles, wild-type PTTG 
(Fig. 4a) and PTTG-FLAG (Fig. 4b) were not visible in 
the chromosome region but remained elsewhere. 
Costaining of PTTG-FLAG and spindles was not at- 
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DNA 



Overlay 




Rg. 2. Localization of PTTG in Interphase 

JEG-3 cells were transfected with plasmids encoding PTTG (a), PTTG-FLAG (b), or PTTG-EGFP (c). PTTG or PTTG-FLAG was 
visualized by immunofluorescent staining, and PTTG-EGFP was visualized directly i/eft). Cells were also stained with Hoechst 
33258 i/niddle) to highlight the nuclei and chromosomes and to detemnine the cell cycle. The images of cells expressing PTTG, 
PTTG-FLAG, or PTTG-EGFP were overlaid with images of cells stained with Hoechst ipght). Grsen, PTTG or PTTG-EGFP; red: 
PTTG-FLAG; and blue, DNA. 



MOL ENDO • 2000 
1140 



Vol 14 No. 8 



A EGFP P TTG-EGF P 

C N C N 

- PTTG-EGFP 

EGFP-^iH 

B Tubulin Lamin 

C N C N 

Fig. 3. Localization of PTTG-EGFP Determined by Cell Frac- 
tionation 

JEG-3 cells were transfected with plasmids encoding 
EGFP only or PTTG-EGFP. A, Gytosolic (C) and nuclear (N) 
fractions were collected and EGFP or PTTG-EGFP in each 
fraction was examined by Western blotting using antibody 
against EGFP, B, Ttie purity of the cytosotic and nuclear 
fractions was verified with antibodies to tubulin and nuclear 
lamin. 



temiDted because antibodies to both of them were of 
mouse origin. In these experiments, PTTG-EGFP 
transfection efficiency was highest and facilitated suf- 
ficient numbers of mitotic cells expressing PTTG- 
EGFP available for subsequent following (Fig. 5). Mi- 
totic spindles were visualized by utilizing antibodies to 
tubulin. Although PTTG-EGFP was well visualized 
from prophase to metaphase, it was distinct from 
chromosomes (Fig. 5, a-c). PTTG-EGFP colocalized 
with microtubule asters in prophase and promet- 
aphase (Fig. 5, a and b). During anaphase, PTTG- 
EGFP aggregated into distinct granules suggesting a 
proteasomal degradation process (Fig. 5d). No cells in 
telophase were found to express PTTG-EGFP. 

Observation of PTTG-EGFP in Live, 
Synchronized Cells 

To follow the fate of PTTG more closely and to study 
cellular effects of overexpressing PTTG, JEG-3 ceils 
were transfected with plasmids encoding EGFP alone, 
PTTG-EGFP, and a mutant PTTG-EGFP. This mutant 
PTTG is mutated in the SH3-binding region (P163A, 
P170L, P172A, and P173L) and is devoid of transform- 
ing activity (2). Transfected cells were synchronized at 
the Gi/S border and released into normal cell cycle, 
and the same group of live cells were observed every 
1-3 h before and after release (Figs. 6 and 7). Thus, 
EGFP. PTTG-EGFP, and mutant PTTG-EGFP were vi- 
sualized in a real-time manner in live single cells for up 
to 14 h. EGFP alone was evenly distributed throughout 
the cells. PTTG-EGFP and mutant PTTG-EGFP were 
both evident largely in the nuclei, suggesting that the 
SH3-binding domain was not responsible for the nu- 



clear localization. In cells expressing EGFP alone, 
EGFP remained intact during and after mitosis; how- 
ever, in cells expressing wild-type or the mutant 
PTTG-EGFP, EGFP fluorescence was dissipated im- 
mediately after mitosis in daughter cells (Fig. 6). The 
daughter cells were viable because they showed nor- 
mal morphology hours after mitosis. 

Surprisingly, most cells (31/46, 67%) expressing 
wild-type PTTG-EGFP died shortly after cells were 
released from G^/S block (Figs. 7-9). TUNEL staining 
of PTTG-EGFP-expressing dead cells showed that 
they were apoptotic (Fig. 8). In comparison, only 44% 
(27/61 , P < 0.05) of cells expressing EGFP alone died 
randomly instead of eariy after release from block (Fig. 
9). This background cell death may be the result of 
double thymidine block. About 30% (5/16, fewer cells 
were observed<lue to low transfection efficiency) of 
cells expressing mutant PTTG-EGFP died eariy after 
cells entered S phase. No cells expressing EGFP alone 
demonstrated EGFP degradation, indicating that 
EGFP itself is stable (Fig. 9). Some cells expressing 
PTTG-EGFP (6/46) or the mutant PTTG-EGFP (2/16) 
lost EGFP fluorescence while alive during interphase 
(Fig. 7), suggesting that both the wild-type and mutant 
PTTGs are also degraded in interphase. Only 4% of 
cells (2/46) expressing wild-type PTTG-EGFP eventu- 
ally divided (Fig. 9). and mitosis was delayed when 
compared with cells expressing EGFP only, in which 8 
of 61 (13%) divided. On the contrary, more cells (7/16, 
44%) expressing mutant PTTG-EGFP divided and mi- 
tosis appeared to occur slightly eariier than in cells 
expressing EGFP (Fig. 9). 

DISCUSSION 

In this report, we characterize the cellular properties of 
PTTG in a human placental JEG-3 tumor cell line. 
JEG-3 cells express endogenous PTTG, making them 
a suitable human endocrine cell model for PTTG study. 
We first demonstrated that, in cell populations, ex- 
pressions of PTTG mRNA and protein were both highly 
dependent on the cell cycle, highest at the G2/M but 
decreased in the subsequent Gi phase. At the single- 
cell level, intracellular PTTG imaging showed that 
PTTG was degraded In anaphase, and daughter cells 
express little PTTG. Degradation of PTTG protein upon 
cell division probably occurs by a protepsomal mech- 
anism as suggested by the PTTG morphology during 
anaphase. PTTG contains a D-box, which is required 
for ubiquitin-mediated PTTG proteolysis (10). This cell 
cycle-dependent PTTG expression is consistent with 
that of a securin (10, 14-16). The human (17), rat (18), 
and mouse (19) PTTG promoters contain a conserved 
region that harbors several motifs such as CCAAT. 
which confer cell cycle-dependent expression (20). 
Thus, the mechanism of cell cycle-dependent PTTG 
mRNA expression probably lies at the transcriptional 
level. Interestingly, PTTG has also been shown to be 
serine phosphorylated during mitosis (16). 



Regulates Cell Division and Survival 



1141 



PTTG Spindle DNA Overlay 



a 




PTTG DNA Overlay 



b 




Fig. 4. Localization of PTTG in Mitosis 

JEG-3 cells were transfected with plasmids encoding PTTG (a), or PTTG-FLAG (b). PTTG or PTTG-FLAG was visualized by 
immunofluorescent staining (PTTG). Cells were stained with Hoechst 33258 to highlight the mitotic nuclei (DNA). Wild-type 
PTTG-transfected cells were also stained with antibodies to tubulin (spindle), a. Images of PTTG, DNA, and mitotic spindle were 
overlaid. Green, PTTG; red, mitotic spindles; and blue, DNA b, Images of PTTG-FLAG and DNA were overlaid. Red, PTTG-FLAG; 
and blue, DNA (looks purple because of some mixing with redj. 



We have also detailed the subcellular localization of 
PTTG during interphase and in different phases of 
nnitosis. The subcellular localization of PTTG is similar 
to that of budding yeast securin Pds1 (14) and fission 
yeast securin Cut2 (15). Intracellular PTTG localization 
was predominantly nuclear in interphase with signifi- 
cant expression in the cytoplasm, but localized to 
mitotic spindles during early mitosis. Binding of se- 
curin to mitotic spindles is important for normal an- 
aphase (21). We recognize that our imaging results 
depend on overexpressing PTTG proteins since en- 
dogenous PTTG protein level is low in JEG-3 cells. It is 
unlikely, however, that the observed localization of 
PTTG is due to overexpresslon, because erroneous 
localization as a result of overexpression usually oc- 
curs in the endoplasmic reticulum and the Golgi ap- 
paratus, organelles in which PTTG was not seen. Fur- 
thermore, similar results were derived from imaging of 
three different PTTG protein constructs as well as from 
cell fractionation experiments. The dual intracellular 
localization of PTTG is consistent with PTTG func- 
tions. As a securin (10), PTTG is required in the nucleus 
to regulate sister chromatid binding, and PTTG binds 
to a ribosomal protein DnaJ, which presumably is sit- 
uated in the cytoplasm (22). Based on these lines of 
evidence, it appears that the results shown here faith- 
fully describe the physiological subcellular localization 
of PTTG protein. It is not clear how PTTG is targeted to 
the nucleus. Although PTTG does not have an obvious 
nuclear localization signal, its small size (apparent mo- 
bility -28 kDa) may permit it to enter the nucleus. 



Apparently, PTTG Is not excluded from the nucleus 
because PTTG-EGFP is also predominantly nuclear. 
Our results are in contrast to previous reports suggest- 
ing that immunoreactive PTTG is localized predomi- 
nantly in the cytoplasm (3, 4, 7). Although this differ- 
ence may be due to different cell and tissue 
preparations used in these studies, we have now 
shown similar subcellular localization of PTTG-EGFP 
in eight different cell lines. 

Functionally, PTTG overexpression inhibited mitosis 
as few cells overexpressing PTTG divided and cell 
division appeared delayed. The inhibitory effect of 
PTTG on mitosis is expected of a securin because the 
cell requires more time to degrade overexpressed 
PTTG before anaphase. In contrast to yeast cells that 
survive without sister chromatid separation (15), most 
human placental cells overexpressing PTTG died by 
apoptosis. Overexpressing PTTG may cause general 
cell cycle disruption or may induce transcription of 
apoptosis-promoting genes. It is well documented 
that cell cycle disruption may cause apoptosis (23). 
Our results are consistent with those of Uhlmann et al. 
(24) who showed that cells expressing an uncleavable 
form of a cohesin subunit die. Apoptosis induced by 
PTTG and the fewer and delayed mitoses provide an 
explanation for the finding that overexpressing PTTG 
inhibits cell proliferation (1). 

This study again highlights the functionail impor- 
tance of the SH3-binding domain in the C terminus of 
PTTG protein. Mutant PTTG lacking an SH3-binding 
domain is devoid of transfomriing activity (2, and 
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Fig. 5. Localization of PTTG-EGFP in Mitosis . 

JEG-3 cells were transfected with piasmids encoding PTTG-EGFP. PTTG-EGFP was visualized directly {left). Mitotic spindles 
were visualized by immunofluorescent staining of tubulin (middle left). Cells were stained with Hoechst 33258 to highlight the 
stage in mitosis [middle right). Images of PTTG-EGFP. mitotic spindle, and chromosome were overlaid (right). Green, PTTG-EGFP; 
red, mitotic spindles; and blue, DNA. Orange or yellow indicates where green and red colocalized. a. Prophase; b. prometaphase; 
c, metaphase; and d, anaphase. 



Horwitz. G. A., Z. Wang, X. Zhang, and S. Melmed, 
unpublished), suggesting that critical interactions be- 
tween PTTG and proteins containing SH3 domains are 
responsible for PTTG function. Our results suggest 
that the SH3-binding domain is not important for nu- 



clear or cytosolic localization because the localization 
of this mutant PTTG was similar to that of wild-type 
PTTG. Since mutant PTTG facilitated mitosis as evi- 
denced by more frequent and earlier mitosis, probably 
due to easier separation of sister chromatids, the SH3- 
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Fig. 6, Observation of Mitosis of Synchronized, Live Celts 

JEG-3 cells were transiently transfected with plasmids encoding EGFP only (panels 1-6), PTTG-EGFP (panels 7-12), or the 
mutant PTTG-EGFP (panels 13-18). JEG-3 cells were synchronized at the Gi/S border by double thymidine block and then 
released. Live cells were observed every 1^ h for 14 h after release. Cells that divided were shown t>efore (panels 1 and 4; 7 and 
10; 13 and 16), during (panels.2 and 5; 8 and 11; 14 and 17), and after mitosis (panels 3 and 6; 9 and 12; 15 and 18). Fluorescent 
(panels 1-3, 7-9. 13-15) and the corresponding brightfield- (panels 4-6, 10-12, 16-18) images were both shown. 
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Fig. 7. Cell Death and Degradation of PTTG-EGFP 

JEG-3 cells were transiently transfected with plasmids encoding PTTG-EGFP. JEG-3 cells were synchronized at the Gi/S 
border by double thymidine block and then released. Live ceils were observed every 1-3 h for 14 h after release. Shown on the 
left (panels 1 -4) are the same cells before {panels 1 and 3) and 2 h after (panels 2 and 4) release from block. One of the two ceils 
expressing PTTG-EGFP died after release. Shown on the right (panels 5-8) are the same cells 4 h (5 and 7) and 7 h (6 and 8) after 
release. Two of the three cells expressing PTTG-EGFP degraded PTTG-EGFP. Fluorescent (panels 1, 2, 5, and 6) and the 
corresponding brightfield (panels 3, 4, 7, and 8) images were both shown. 



PTTG-EGFP TUNEL Bright-field 



Fig. 8. Apoptosis of PTTG-EGFP-Expressing Cells 

JEG-3 cells transiently expressing PTTG-EGFP were synchronized at the G^/S border by double thymidine block then released. 
Cells were fixed 3.5 h after release and apoptotic cells were identified with a TUNEL staining kit using rhodamine-labeled UTP 
as substrate. Shown is one PTTG-EGFP expressing cell that is also positive for TUNEL staining. 



binding domain nnay also be important for the securin 
function of PTTG. 

Several lines of evidence from our study strongly 
indicate that PTTG Is a securin in JEG-3 cells. Based 
on the securin function of PTTG, we propose that 
chromosomal instability and induction of aneuploidy 
may be a mechanism of PTTG action. By keeping 
sister chromatids held abnormally tight, overexpres- 
sion of PTTG may enable daughter cells to either gain 
or lose one or more chromosomes. In both cases, the 
daughter cell may become tumorous. 



MATERIALS AND METHODS 
Cell Synchronization 

Human placental choriocarcinoma JEG-3 cells were grown in 
DMEM plus 10% FBS. JEG-3 cells were grown to half- 
confluency, treated with 2 mM thymidine overnight, and were 
grown in normal medium for 10 h. When required, cells were 



transfected using FuGene (Roche Molecular Biochemicals, 
Indianapolis, IN) during this growth, and again treated with 2 
mw thymidine overnight. At this stage, cells were blocked at 
the G-,/S border. Cells were released from the block by grow- 
ing in normal medium supplemented with 10 deoxycyti- 
dine, and cell cycle progression was confirmed by fluores- 
cence-activated cell sorting. Cells were also synchronized at 
the Gi/S border by incubating with aphidicolln (Calbiochem, 
La Jolla, CA, 2 ^g/ml) for 1 2 h, and at G^/M by incubating with 
nocodazole (Calbiochem, 150 ng/ml) for 16 h. 

Plasmids and Transfection 

Wild-type human PTTG and an SH3-binding domain-mutated 
PTTG (2) from a pClneo vector were subcloned into an Eco Rl/ 
SamHI site in a pEGFPN3 vector (CLONTECH Laboratories, 
Inc. Palo Alto, CA). Wild-type PTTG was also subcloned into 
an Ecol/X/7ol site in a pCMVtag4 vector (Stratagene, La Jolla, 
CA). In both cases, EGFP and the FLAG epitope were fused 
in frame to the PTTG C terminus and the fusion proteins were 
termed PTTG-EGFP and PTTG-FLAG, respectively. Cells 
were transfected with FuGene (Roche Molecular Biochemi- 
cals), and plasmid-FuGene complex was directly added to 
cells grown in normal medium. 
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according to manufacturer's protocol. Isolated RNA was pre- 
cipitated, washed, and denatured as described previously (2). 
Separated RNA was transferred to Hybond-N nylon mem- 
brane (Amersham International, Buckinghamshire, UK). The 
membrane was cross-linked and prehybridized at 68 C, and 
hybridized with approximately 10^ cpm ^^P-labeled human 
PTTG cDNA in the presence of 1 00 pig/ml salmon spemn DNA 
(Stratagene). The entire human PTTG cDNA coding region 
was labeled with [a-^^P]dCTP using RadPrime Labeling Kit 
(Life Technologies, Inc.) according to manufacturer's proto- 
col. Blots were then exposed to x-ray film (Eastman Kodak 
Co., Rochester, NY). A predominant 0,9-kb band was recog- 
nized by this probe as was previously shown (2). 
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Cell Fractionation 

JEG-3 cells were trypsinized and incubated in TM buffer (10 
mM Tris, 2 mM MgClz, pH 7.4) containing 500 nw phenylmeth- 
ytsulfonyl fluoride for 10 min on ice. Triton x 100 (0.5% final 
concentration) was added and cells were incubated for a 
further 5 min on ice. Cell suspension was passed through a 
22-gauge needle eight times and centrifuged at 800 x g at 4 
C for 10 min. The pellet nuclear fraction was examined with 
microscopy for purity. Antibodies to a tubulin and nuclear 
lamin B (Calbiochem) were used in Western blot to verify the 
purity of cytosolic and nuclear fractions. 

Western Blotting 
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Fig. 9. Effects of PTTG on Cell Survival and Division 

JEG-3 cells were transiently transfected with plasm ids en- 
coding EGFP, PTTG-EGFP, or the mutant PTTG-EGFP. 
JEG-3 cells were synchronized at G^/S border by double 
thymidine block then released. Live cells were observed ev- 
ery 1 to 3 h for 1 4 h after release. A, Total number of cells that 
died, remained unchanged, degraded EGFP or EGFP conju- 
gates, or divided during this 1 4 h. B, Number of cells that died 
over each observation. C, Number of cells that divided over 
each observation. Number of cells observed: 61 for EGFP, 46 
for PTTG-EGFP, and 16 for the mutant PTTG-EGFP. 



Preparation of Rabbit Antibody to PTTG 

Polypeptide, PLKOKOPSFSAKKM-TEKTVKA (80-100 in hu- 
man PTTG protein), was used to generate rabbit antiserum 
against human PTTG protein. This antiserum recognized pu- 
rified PTTG protein. The antiserum and an anti-EGFP anti- 
body detected the same PTTG-EGFP band (-55 kDa) by 
Westem blot. The antiserum recognized a predominant 28- 
kDa protein in lysates of cells overexpressing PTTG. 

Northern Blot Analysis 

Total RNA from treated JEG-3 cells was extracted using 
Trizol Reagent (Life Technologies, Inc., Gaithersburg, MD) 



Cells were lysed in SDS-PAGE sample buffer (100 /il per 
35-mm dish). Cell lysate (2 to 20 tx\) was njn on 10% SDS 
PAGE, and proteins were transfen-ed to polyvinylidene fluo- 
ride membrane and incubated with rabbit antiserum for PTTG 
(1:1,000) or monoclonal EGFP antibody (CLONTECH Labo- 
ratories, Inc. 1 :1 ,000) at 4 C ovemight followed by incubation 
with peroxidase-linked secondary antibody (Amersham Phar- 
macia Biotech, Arlington Heights, IL; 1:5,000). Blots were 
visualized with ECL (enhanced chemiluminescence) reagents 
(Amersham Phanmacia Biotech). 

Immunofluorescent Staining 

JEG-3 cells were rinsed with PBS, fixed with 4% paraformal- 
dehyde in PBS, and permeabilized with blocking buffer (PBS 
with 5% FBS and 0.6% Tween 20). Primary antibody, rabbit 
polyclonal anti-PTTG, or mouse M2 monoclonal anti-FLAG 
(Stratagene), was added at 1 :1 ,000 in the blocking buffer and 
incubated for 2 h. Cells were washed and incubated with 
fluorescein isothiocyanate-labeled swine anti-rabbit IgG 
(DAKO Corp. A/S, Glostrup, Denmark) or TRITC-labeled goat 
antimouse IgG (Molecular Probes, Inc., Eugene, OR) (1:500) 
for 30 min. Cells were finally stained with Hoechst 33258 
(Molecular Probes, Inc., 1:10.000) for 5 min. Mitotic spindles 
were stained with a monoclonal tubulin antibody (Calbio- 
chem). Samples were washed and kept in mowiol-based 
mounting medium. Cells expressing EGFP conjugate were 
fixed and stained with Hoechst 33258 and directly visualized. 
Apoptotic cells were identified with a TUNEL staining kit 
using rhodamine-labeled DTP as substrate (Roche Molecular 
Biochemicals). Staining was carried out according to the 
manufacturer's recommended protocol, Apoptotic cells were 
visualized with rhodamine filters. 

Ruorescence Microscopy 

Live or immunochemically stained cells were visualized on a 
TE200 inverted epifluorescence microscope (Nikon, Melville, 
NY) equipped with relevant fluorescence filters. Digital im- 
ages were acquired by a SPOT CCD camera (Diagnostic 
Instruments, Steriing Heights, Ml) and analyzed by ImagePro 
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software (Media Cybernetics, Bothell, WA). Serial observation 
of live cells was achieved by growing cells in a gridded flask 
and directly visualized with a 10x lens and an extra long 
working distance 40x lens. Several hundred cells were ob- 
served in each of the two to seven staining experiments and 
representative celts were depicted In the figures. 
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ABSTRACT 

We have previously isolated the hpttg proto-oncogene, 
which is expressed in normal tissues containing 
proliferating cells and in several kinds of tumors. In 
fact, expression of hPTTG correlates with cell prolif- 
eration in a cell cycle-dependent manner. Recently it 
was reported that PTTG Is a vertebrate analog of the 
yeast securins Pds1 and Cut2, which are involved In 
sister chromatid separation. Here we show that 
hPTTG binds to Ku, the regulatory subunit of the 
DNA-dependent protein kinase (DNA-PK). hPTTG 
and Ku associate both in vitro and in vivo and the 
DNA-PK catalytic subunit phosphorylates hPTTG in 
vitro. Furthermore, DNA double-strand breaks 
prevent hPTTG-Ku association and disrupt the 
hPTTG-Ku complexes, Indicating that genome 
damaging events, which result in the induction of 
pathways that activate DNA repair mechanisms and 
halt cell cycle progression, might inhibit hPTTG-Ku 
interaction in vivo. We propose that hPTTG might 
connect DNA damage-response pathways with sister 
chromatid separation, delaying the onset of mitosis 
while DNA repair occurs. 

INTRODUCTION 

The pituitary tumor-transforming gene (pttg) was first isolated 
from clonal rat GH4 pituitary tumor cells by differential display 
(1), but no homology with known protein sequences or 
common functional motifs was found. However, overexprcssion 
of pttg in NIH 3T3 fibroblasts showed that it induces cell trans- 
formation in vitro, and injection of these transfected cells into 
athymic nude mice resulted in tumor formation in all animals 
(1). Theprf^-transfected NIH 3T3 cells also stimulated expression 
and secretion of basic fibroblast growth factor, a human 
pituitary tumor growth-regulating factor (2). Neverdieless, we 
found that the human counterpart of PTTG, hPTTG (which 
was firstly isolated by us; 3), is also expressed in other non- 
pituitary tumors. Samples from patients with leukemia. 



lymphoma or myeiodysplastic diseases (3), as well as adeno- 
carcinomas of mammary and pulmonary origins (4) showed 
strong hpttg expression. Our further studies demonstrate a 
correlation between hpttg expression and cell proliferation (5), 
The hPTTG protein level is up-regulated in rapidly prolifer- 
ating cells, is down-regulated in response to serum starvation 
or cell confluence and is regulated in a cell cycle-dependent 
manner peaking in mitosis. In addition, hPTTG is phosphoryl- 
ated by CDC2 during mitosis. 

hPTTG is a protein of 202 residues partially localized in the 
nucleus that has a basic N-terminal portion and an acidic C-terminaJ 
portion (3). It has several putative SH3-binding sites (3) and a 
conserved motif localized in the N-terminal portion matches 
the destruction box (D-box) shared by many anaphase- 
promoting complex or cyclosome (APC/C) substrates (6). 
Recently, PTTG has been shown to be involved in sister 
chromatid separation (7). Precise coordination of multiple cell 
cycle events is required to ensure proper mitosis. Chromosome 
cohesion must be maintained until all chromosomes are 
attached to opposite poles of the mitotic spindle and aligned at 
the metaphase plate. At the onset of anaphase, the activity of 
separins contributes to the release of cohesins from chromo- 
somes, allowing for the segregation of sister chromatids to 
opposite spindle poles. Scparin activity is blocked by binding 
to a class of proteins known as securins, whose destruction at 
the metaphase-to-anaphase transition is triggered by the APC7C 
(8-12). PTTG has been identified as a vertebrate securin on the 
basis of its biochemical analogy to the Pdsl protein of budding 
yeast and the Cut2 protein of fission yeast (7). The vertebrate 
securins share extensive sequence similarity with each other 
but show no sequence similarity to either of their yeast coun- 
terparts. Nevertheless, as was previously reported in yeast, 
expression of a stable Xenopus securin mutant protein blocks 
sister chromatid separation (7). hPTTG bound to a putative 
human separin homolog of yeast separins Espl and Cull, and 
was degraded by proteolysis mediated by APC/C in a D-box- 
dcpendent manner. The finding that a vertebrate securin has 
tumorigenic activity is somewhat anticipated because chromo- 
some missegregation has been predicted to be a major source 
of genetic instability, with profound consequences for cancer 
(13). On the basis of its function, the simplest explanation is 
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ibat tumor formation is the result of aneuploidy caused by 
defects in the sister chromatid separation (7»14). 

To further understand the role of hPTTG in sister chromatid 
reparation and tumorigenesis, we searched for proteins able to 
hind to hPTTG using the yeast two-hybrid approach (15). This 
in vivo strategy was employed to provide a physiological 
{ixjvironment in which to detect potential interactions involving 
hFITG, and in this paper we demonstrate that hPTTG physically 
a'isociates with Ku-70. 

The Ku-70 protein associates with Ku-80 to form a 
ht^terodimeric complex (16,17), and together with the -470 kDa 
catalytic subunit, DNA-PKcs, forni the DNA-dependent 
: protein kinase (DNA-PK) (18), This enzyme is involved in 
rqjairing DNA double-strand breaks (DSBs) caused, for 
esKaniple, by physiological oxidation reactions, V(D)J recom- 
bination, ionizing radiation and certain chemotherapeutic 
:^gs. Ku heterodimer binds to DNA ends and other types of 
" discontinuity in double-stranded DNA (19). Ku itself is prob- 
fitbly involved in stabilizing broken DNA ends, bringing them 
:: together and preparing them for ligation (20). Ku also recruits 
.i>NA-PKcs to DNA DSBs, activating its kinase function (21). 
" Our results demonstrate that hPTTG specifically interacts 
|va;itfi Ku-70, which forms a complex widi the Ku-70/Ku-80 
|:i}ieterodimer in intact cells, and that DNA-PKcs phosphorylates 
liliiTrG in vitro. In addition, we show that hPTTG-Ku-70 asso- 

■ iiation is prevented by DNA DSBs. The implications of these 

■ ir^ults, as well as a model of the regulation of hPTTG-Ku-70 
l-ifjleraction, are discussed. 

MATERIALS AND METHODS 

■iiPiasmids and cloning 

. Vfiild^pe hpttg (coding for 202 residues) and the subclones 
hptigrES (residues 1-188). hpttg-EA (residues 1-163). hpttg-EXb 

: (i^*3idues 1-124) and hpttg-XbXh (residues 123-202), were 
clbned inframe with gal4-DB (DNA-binding) in the yeast 
pGBT9 vector (22) to yield pGBT9-hPTTG, pGBT9-hPTTG- 
KS, pGBT9-hFrrG-EA, pGBT9-hPTTG-EXb and pGBT9- 

/bFTTG-XbXh, respectively. Plasmids pGBT-SNFl and 

: pGAD-SNF4 (22), carrying unrelated proteins, were used as 

. controls for the two-hydrid screen. 

hpttg, hpttg'EA and hpttg-HXh (residues 87-202) were 
cloned in frame with a 6His-\2i% in the bacterial pRSET-A 
vmor (Invitrogen). The hPTTG-EXb subclone, previously 
fused to glutathione-S-transferase (GST) in pGEX4T2 (3), was 
al^ used in the in vitro experiments. Plasmids pRSET-S6 
<6His-ribosomal protein S6; Romero,F. and Tortolcro,M. 

.unpublished results), pRSET-RIIa (23). pRSET-AGMAP 
(residues 618-803) (24) and pGEX (Pharmacia) were used as 

; conirols of the in vitro experiments. 

: iibr?iry screening 

\S<iccharomyces cerevisiae strain Hf7c (MAT2L trpI-901 
.ki^-3J12 hisS'lOO ura3-52 lysSOI ade2'I0I canr gal4-542 
"m^638 LYS2::GAL1-HIS3 URA3::Gal4 binding site-CYC}- 
■h^I) was grown at 30°C in YPD medium containing 1% yeast 
H^^tract, 1% polypeptone and 2% glucose, and sequentially 
:i.<i^forined with pGBT9-hPTTG-EA and a Jurkat cell oligo- 
■l:^ cDNA library (25). Double transformants were plated on 



yeast drop-out medium lacking Trp, Leu and His (26). They 
were grown for 5 days at 30^C and then colonies were patched 
on the same medium and replica-plated on Whatman 40 filters 
to test for P-galactosidase activity (27). Positive clones were 
rescued and tested for specificity by retransformation into Hf7c 
either with pGBT9-hPTTG-EA or with extraneous targets 
(pGBT-SNFl or pGBT9) (22). pGAD-Raf (28), pGAD-Sosl 
(29). pGAD-hnRNP C (30). pGAD-hnRNP K (RomeroJ^., 
Ramos-MoralesJ^. and Tortolero,M., unpublished results), 
pGAD-Csk (31), pGAD-Lck (31), pGAD-Sumo (provided by 
Dr A. Germani, INSERM, Paris, France), pGAD-hPTTG (3) 
and pGAD-FcyRII(ID) (Romero,F., unpublished results) were 
also used to test the specificity of hPTTG interactions. 

Sequence analysis 

Sequences of cDNA inserts from positive clones of the two- 
hybrid screening were performed on both strands with an 
automatic sequencer (Pharmacia) using the Sanger dideoxy- 
termination method (32). Sequence comparisons were done 
with the BLAST 2.0 program (33). 

Cell culture and lysis 

HL-60 and Jurkat cells were grown in RPMI 1640 medium and 
Cos and HeLa cells in Dulbecco*s modified Eagle's medium 
(BioWhittaker), supplemented with 10% heat-inactivated fetal 
calf serum (Gibco BRL), 2 mM L-glutarmne, 100 U/ml peni- 
cillin and 100 jig/ml streptomycin (BioWhittaker), in a 5% 
CO2 humidified atmosphere at 37°C. Cell lysis was performed 
with 5 X 10^-108 cells/ml at 4°C in 150 mM NaCl,. 10 mM 
Tris-HCl (pH 7.5), 1% Nonidet P-40 (NP-40), 10% glycerol, 
1 mM Na- vanadate, 20 mM Na-pyrophosphate, 5 mM Na- 
fluoride, 1% aprotinin, 1 mM phenylmethylsulfonyl fluoride 
(PMSF), 1 |ig/ml pepstatin and 1 ^g/ml leupeptin for 20 min. 
The extract was centrifuged at 20 0(X) g for 20 min and the 
supernatant fro2xn in liquid nitrogen and stored at -SO'^C. 

Induction of differentiation in HL-60 celis 

HL-60 cells were diluted to 2 x 10^ cells per ml and 40 ng/ml 
phorbol 12-myristate 13-acetate (PMA) or the vehicle 
dimethyl sulfoxide (DMSO) added. Ceils were grown under 
standard conditions in bacteriological Petri plates for 24-48 h. 
We took attached cells to be differentiated cells, since attach- 
ment is an indicator of macrophage pheriotype (34). As control 
cells we used untreated or DMSO-treated cells. 

Electrophoresis and western blot analysis 

Proteins were separated by SDS-PAGE and gels were electro- 
blotted onto nitrocellulose membranes and probed with the 
different antibodies. Peroxidase-coupled anti-rabbit IgG from 
donkey and anti-mouse IgG from. sheep were from Amersham. 
Immunoreactive bands were visualized using an enhanced 
chemiluminescence western Wotting system (Amersham) 
according to the manufacturer's protocol. 

Antibodies 

Anti-hPTTG polyclonal antibody was produced by us (3), 
N3H10 (anU-Ku.70), 111 (anti-Ku-SO) and 162 (anti-dimer 
Ku-70/Ku-80) monoclonal antibodies were provided by 
Dr W.H.Reeves (University of North Carolina) (35). and anti- 
Gal4-BD was from Clontech. 
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Affinity chromatography 

Expression of the 6His fusion proteins was induced in 
Escherichia coli BL21 (DE3) by addition of 1 mM isopropyl- 
P-D-thiogalactoside (IPTG) and the fusion proteins isolated 
from bacterial lysaies with Talon resin (Clontech). Cellular 
lysates (10^-10' cells) were incubated for 2 h with fusion 
proteins ( 100-500 ng) bound to Talon resin. Resin was washed 
six times in lysis buffer and proteins eluted into SDS sample 
buffer at 95°C for 5 min and subjected to SDS-PAGE. 

When indicated, fusion proteins were eluted from resin with 
50 mM EDTA and dialyzed against 50 mM NaHCOj and 
150mMNaClpH7.5. 

To study the effect of DNA DSBs. lysates from Cos or HL-60 
cells were preincubated for 30 min at 4°C with sonicated 
salmon sperm DNA, pUC18 or pGBT9, supercoiled or 
digested with EcoRI at 100-200 ^g/ml, and used for the 
in vitro experiments. In some experiments, DNA was added to 
hPTTG/Ku-70 complexes previously bound to Talon resin. 

GST fusion proteins were produced and purified as 
described (3). 

Co-immuhoprecipitation experiments 

Cellular lysates from HL-60 cells (1 .5-3 x 10') were incubated 
with preimmune serum for 30 min and protein A-Sepharose beads 
(Pharmacia Biotech Inc.) for 1 h at 4°C. After centrifugation, beads 
were discarded and supematants incubated for 3 h with polyclonal 
anti-hPTTG or preimmune serum, followed by protein A- 
Sepharose beads for 1 h. Beads were washed six times with 
lysis buffer and bound proteins were dissolved into SDS 
sample buffer at 95°C for 5 min and subjected to SDS-PAGE. 

In vitro kinase assays 

Phosphorylation ofhPTTG by DNA-PK. Purified DNA-PKcs-Ku 
complex (Promega) was incubated with eluted 6His-hPTTG 
(or derivative subclones) in the presence or absence of soni- 
cated DNA (10 ^ig/ml) and with [y-^^PJATP and DNA-PK 
kinase buffer (12.5 mM HEPES pH 7.5, 25 mM KCl, 6.5 mM 
MgQj, 0.2 mM unlabeled ATP, 1 mM spermidine, 10% glycerol, 
0.05% NP-40 and 0.5 mM DTT) for 15 min at 30°C. Reactions 
were terminated by adding 4x SDS sample buffer, and proteins 
analyzed by SDS-PAGE and autoradiography. 

Phosphorylation of hPTTG by anti-dimer ku-70/Ku-80 
immunoprecipitates, HL-60 or HeLa cells were washed once 
with PBS and frozen. The cell pellets were later thawed and 
sonicated at 2 x 10^ cells/ml in 50 mM NaCl-free Tris-HCl 
pH 7.5, 2 mM EDTA, 0.3% NP-40, 1 mM Na-vanadate, 20 mM 
Na-pyrophosphate, 5 mM Na-fluoride, 1% aprotinin, 1 mM 
PMSF, 1 \ig/m\ pepstatin and 1 ^ig/ml leupeptin, and the 
extracts were cleared twice by cenUifugation at 13000 g for 
15 min followed by immunoprecipitation with mAb 162. After 
incubation with protein A-Sepharose beads, the beads were 
washed three times with NET-NP-40 buffer (150 mM NaCl. 
2 mM EDTA, 50 mM Tris-HCl pH 7.5 and 0.3% NP-40) and 
once with kinase buffer and stored at -80°C. In vitro kinase 
assays were performed as indicated above. 
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Figure 1. Interaction of Ku-70 with hPTTG using the two-hybrid system. 
(A) Schematic representation of hPTTG and study of the transcriptional activity 
of several hPTTG subclones. hPTTG protein can be divided into a basic N-terminal 
portion (residues 1-101) and an acidic C-terminal portion (residues 102-202). The 
four Pro-X-X-Pro motifs (black bars), putative binding sites for SH3-containing 
proteins and the CDC2 phosphorylation site (white bar) are also indicated Several 
fragments of hpttg were subcloned in pGBT9 and their transactivation activity 
tested in Hf7c reporter strain. +, Growth in the absence of histidine and with or 
without 5 mM of 3-anuno-l,2,4-triazole. -» Absence of growth in the same 
medium. (B) hPTTG associates specifically with Ku-70. Hf7c reporter strain 
was cotransformcd with the indicated plasmids. The interaction between the 
two-hybrid proteins is indicated by growth in the absence of histidine (DO-wlh) 
(dark grey patch). BD, fusion with the DNA BD of Gal4. AD, fusion of the 
activation domain of G^4. 



RESULTS 

Isolation of proteins interacting with hPTTG 

We recently isolated hpttg cDNA, which codes for a protein 
highly expressed in proliferating cells and is involved in sister 
chromatid separation and tumorigenesis (1.3»7). To elucidate 
the molecular mechanisms that involve hPTTG in these 
cellular functions, we searched for proteins that interact with 
hPTTG using the yeast two-hybrid system with Gal4 recogni- 
tion sites regulating expression of both His3 and LacZ (22). 
Because full-length hPTTG fused to the DNA-binding domain 
(BD) of Gal4 in pGBT9 had shown a strong transactivation 
activity in yeast (3), we subcloned several fragments of hpttg 
in pGBT9 to find the longest without this transcriptional 
activity. As shown in Figure 1 A» strain Hf7c transformed with 
pGBT9-hPTTG-EA was not able to grow in selective medium, 
although this fusion protein was well produced in yeast as 
detected by western blot with anti-Gal4-BD antibody (data not 
shown). This strain was retransformed with a Jurkat cell oligo- 
dT cDN A library constructed in pGAD 1 3 1 8 (25) to find clones 
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: figure 2. hPTTG interacls with Ku-70 in vitro. Expression of the 6His and 
: GST fiision proteins was induced by addition of IPTG. Proteins were purified 
froin bacteria] lysates on Talon resin or glutathione-agarose beads. Fusion 
proteins were incubated with NP-40 extracts from HL-60 cells (5 x 10^) and 
Ihcir associations with Ku-70 were determined by immunoblotting with anti- 
Ku-7p (N3HJ0) antibody. HL-60, extract from 5 x lO^ HL-60 cells. Mw, 
molecular weights expressed in kDa. These interactions were detected with 
different amounts of fusion proteins (between 100 and 500 ng). 



able to grow in the absence of histidine. We screened about one 
million clones and we found a positive clone that specifically 
I interacts with hPTTG-EA. The nucleotide sequence showed 
tliat this clone codes for Ku-70 (residues 291-609). This 
protein forms a heterodimeric complex with Ku-80, which is 
the DNA-binding component of DNA-PK. This enzyme is 
involved in DNA repair and V(D)J recombination (36). 
Furthermore, the specificity of hPTTG/Ku-70 interaction was 
illustrated by the lack of reporter gene activation when 
}iPTTG-EA association was assayed with cytosolic proteins 
(Raf or Sosl)» protein kinases (Lck or Csk), nuclear proteins 
(hiiRNP C or hnRNP K), die intracellular domain of a receptor 
(FcyRII), a ubiquitin-related protein (Sumo) or itself (Fig. IB), 
llierefore, by using the two-hybrid system, we show that 
hPTTG interacts with Ku-70. 

hPTTG interacts with Ku-70 from cellular extracts 

to validate the results obtained with the yeast two-hybrid 
system, the interaction of hPTTG with Ku-70 was studied by in 
vitro binding experiments. Full-length hpttg and hpttg-HXh 
were cloned in frame with a 6His-tzg in pRSET-A and purified 
from bacterial lysates by affinity chromatography on Talon 
ireisin; Lysates from HL-60 cells were incubated with the resin 
bound to 6His fusion proteins, the resin was washed and the 
. cliited proteins resolved on gels and inununoblotted with an 
anti-Ku-70 monoclonal antibody. Figure 2 clearly shows that 
thei Ku-70 protein from cellular extracts interacts with 6His- 
hPTTG, whereas there is no interaction widi 6His-hPTTG- 
HXh or with irrelevant fusion proteins (6His-S6, 6His-Rna or 
OST). Similar results were obtained with lysates from Jurkat, 
Cos and HeLa cells (data not shown). These results indicate 
that hPTTG and Ku-70 also interact in vitro. Furthermore, the 
^finding that 6His-hPTTG-HXh, which lacks the 86 N-terminal 
residues of hPTTG, no longer interacted with Ku-70 suggests 
:?h^ the N-terminal portion of hPTTG is responsible for the 
association with Ku-70. In fact, the GST-hPTTG-EXb fusion 
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Figure 3. Binding of hPTTG to Ku-70 in intact cells. (A) Expression of hPTTG 
in differentiated and undifferentiated HL-60 cells. Equal amounts of total 
extracts from HL-60 cells treated with PMA (40 ng/ml), with Uic vehicle 
DMSO or untreated, were separated by SDS-PAGE» transferred to nitiucellulose 
filters and incubated with anti-hPTTG. HL-60, extract from lO'^ HL-60 cells. 
(B) Co-immunoprecipitation of hPTTG with Ku-70 and Ku-80 in undifTerentiaied 
HL-60 cells. Anii-hPTTG and preimmune (PI) sera were used to immuno- 
precipitate from NP-40 extracts of HL-60 cells (3x10^ cells each). Complexes 
were resolved by SDS-PAGE, transferred to nitrocellulose filters and incubated 
with anti-Ku-70, anti-Ku-80 and anti-hPTTG. HL-60, extract from 10^ HL-60 
cells. (C) Study of the relevance of the hPTTG-Ku-70 interaction. Anti-hPTTG 
was used to immunoprccipitate from exuacts of HL-60 cells (3 x 10^) treated 
with PMA (40 ng/ml), the vehicle DMSO or untreated Nitrocellulose filtere were 
incubated with anti-Ku-70 and anti-hPTTG. HL-60. extract from 10^ HL-60 cells. 
Asterisks indicate the IgG heavy and light chains. 



protein, containing the N-temiinal moiety of hPTTG, was able 
to interact with Ku-70 (Fig. 2). 

hPTTG and Ku-70 form a complex in intact cells 

hpttg is expressed in tissues that contain highly proliferating 
celts, and, in fact, we can establish a correlation between hpttg 
expression and cell proliferation (5). For this reason, we used 
the HL-60 cell line as an appropriate experimental model to 
study the in vivo protein complexes involving hPTTG. These 
cells respond to specific chemical stimuli by acquiring either a 
granulocyte- (37), monocyte- or macrophage-like phenotype 
(34). The acquisition of mature phenotypes can be demon- 
strated by a variety of differentiation markers and leads to 
growth arrest. As shown in Figure 3A, hPTTG protein is absent 
in HL-60 cells treated with PMA, which induces a macro- 
phage-like differentiation. Therefore, we have a good model to 
examine the relevance of the hPTTG interactions. 
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Stable transfection of NIH 3T3 cells with pttg cDNA causes 
anchorage-independent transformation in vitro and induces in 
vivo tumor formation when transfectants are injected into 
athymic mice (1). This suggests that misregulation of chromatid 
separation may contribute to generation of malignant tumors 
(7). In this way, inactivation of the ku-TO gene also leads to a 
propensity for malignant transformation (58). ku'70~^- mice 
develop T cell lymphomas and karyotyping analyses on, 
cultured cells derived from primary T cell lymphomas reveal 
multiple chromosomal abnormalities (monosomies, trisomies, 
duplications, etc.)- This might be explained in vivo, at least in 
part, in terms of an increased rate of sister chromatid exchange, 
but we cannot eliminate the possibility that defects in sister 
chromatid separation also play a role. Therefore, both defec- 
tive regulation of hPTTG and inactivation of the ku-JO gene 
facilitate neoplastic growth. 

To summarize, our studies show that the human securin/ 
hPTTG is associated with the DNA-dependent protein kinase 
both in vitro and in vivo and that it is phosphorylated by DNA- 
PKcs. Our data also demonstrate that DNA DSBs prevent 
hPTTG-Ku-70 association. Together, these observations 
suggest that hPTTG might connect the DNA damage-response 
pathway with sister chromatid separation. 
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Treatment of the Biastic Transformation of 
Chronic Granulocytic Leukemia Using High 
Dose BCNU Chemotherapy and 
Cryopreserved Autologous Peripheral 
Blood Stem Cells 

Daniel D. Karp, Leroy M. Parker, Neil Binder, Ramana Tantravahi, 
- Brian R, Smith, Thomas J. Ervin, and George P. Canellos 

Dana Farber Cancer institute and Brigham and Women's Hospital, Harvard 
Medical Sciiool, Boston 

Seven nonsplenectamized patients with biastic CGL have received high dose BCNU 
chemotherapy followed by cryopreserved peripheral blood stem cells (PBSC). The 
PBSC obtained at diagnosis were stored in the vapor phase of liquid nitrogen in 10% 
dimethyl sulfoxide for 11-46 months prior to use. Patients received 2.9 x 10* (1.9- 
7.8) thawed washed mononuclear cells/kg over 30 minutes with minimal morbidity. 
One patient was not rendered pancytopenic and died with biastic leukemia at 4 
months. One patient, previously treated with daily busulfan, died of progressive 
hepatic failure 2 months after high dose BCNU. Restoration of the chronic phase of 
CGL was observed in the remaining five patients. Peripheral blood counts returned 
to normal ranges after a median of 19 days. Median survival for all patients is 11 
months. Cytogenetic studies revealed elimination of acquired aneuploid cell lines in 
four of seven patients with persistence of Ph'. We conclude that: I) frozen PBSC 
retain their viability for up to 4 years after cryopreservation and 2) the use of 
autologous PBSC following ablative chemotherapy may be associated with both 
symptomatic and karyotypic improvement in patients with biastic CGL. 

Key words: chronic granulocytic leukemia, treatment, biastic phase, autologous stem cells, 
cryopreservation 



INTRODUCTION 

Autologous bone marrow infusion has been shown to shorten the duration of 
myelosuppression induced by high doses of certain chemotherapeutic agents and total 
body irradiation [1]. Goldman et al have demonstrated that large numbers of periph- 
eral blood mononuclear cells, collected and cryopreserved during the chronic phase 
of chronic granulocytic leukemia (CGL), can reduce the duration of myelosuppression 
from chemoradiotherapy for blast transformation and restore the chronic phase of the 
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disease [2-5J. Previous investigation has shown that the alkylating agents as a group 
are all capable of inhibiting hematopoietic stem cell proliferation, but bischloroethyl- 
nitrosourea (BCNU) was especially effective in suppressing spleen colony units in 
mice [6]. High doses of BCNU followed by cryopreserved or nonfrozen bone marrow 
infusion have been used in the treatment of solid tumors in man [7-9]. We now report 
our experience in the treatment of seven patients in the blastic phase of CGL .who 
received BCNU-based combination chemotherapy followed by infusion of cryopre- 
served autologous peripheral blood mononuclear cells. 



PATIENTS AND METHODS 

All patients had CGL with a single Ph' chromosome at the time of diagnosis. 
Patient characteristics are shown in Table I. There were four males and three females. 
They ranged in age from 15 to 62 (median age 47 years). Leukapheresis was carried 
out at the time of diagnosis or two weeks after chemotherapy was discontinued. The 
goal of leukapheresis was the collection of 1 X lO'* peripheral blood nucleated cells 
per patient. This number could easily be obtained in a single 3-hour session if the 
total WBC was greater than 100,000//il and was chosen because it allowed for two or 
more courses of treatment at cell doses approaching 1 x 10^ cells per kilogram, a 
range shown by Goldman et al to be effective [lOJ. The median number collected, 
using the IBM 2997 or Haemonetics Model 30 Cell Separators was 1.3 x lO'* and 
ranged from 0,5 to 2.0 X 10* ^ 

The technique for cryopreservation is a modification of that previously de- 
scribed for bone marrow [11, 12]. Cells were transferred (in the range of 2.0- 
5.0 X 10^/ml) to polyolefin bags (Ucar 2030-2) in a medium consisting of 20-50% 
autologous plasma. Hank's basic salt solution, and 10% dimethylsulfoxide (DMSO). 
After stabilizing at 4'*C, they were then frozen at — I°C per minute to — 40°C in a 
Planer controlled-rate freezer (Polaron Instruments, Doylestown, PA) and then man- 
ually dropped to — 80°C before being transferred to the vapor phase of liquid 
nitrogen. The median time of storage (in limited access cryogenic refrigerators) was 
23 months and ranged from 9 to 46 months. 



TABLE I. Patient Characteristics and Outcome 

Karyotypes Survival 
Number of months P^^*^ (mo.) from 

to blast crisis treatment Return to initial 



Patient LD. 


from diagnosis 


Pre-RX 


Post-RX 


chronic phase 


transplant 


1. 56 


18 


Phl/isol7 


Phl/isol7 


-h 


14 


2. 62 M*» 


9 


47 Phi +C 


46 Phi 




4 


3. 57 F 


46 


Phl/isol7 


46 Phi 


+ 


11 


4. 54 


29 


45 Phi GQ- 


45 Phi GQ- 


Toxic death 


2 


5. 39 F 


18 


46 Phi XQ- 


46 Phi 




16 


6. 15 F 


21 


Double Phi, 


Mosaic 46 Phi, 


+ 


10 






trisomy 21 


double Phi, 












trisomy 2 1 , 






7. 50 M 


23 


42-45 Phi 


46 Phi 




13 



^Patient treated with cyclophosp>hamide, Ara-C» vincristine, and prednisone prior to high-dose BCNU. 
^High-dose BCNU only, due to previous extensive therapy. 
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Blast transformation was defined as the appearance of 30% blasts in the periph- 
eral blood or bone marrow [13]. All patients suffered from painful splenomegaly, 
fever, as well as requiring transfusions of red cells and/or platelets. At the time of 
blast transformation all patients had acquired a new chromosomal abnormality in 
addition to the Phi [Table I]. Six patients had myeloblastic transformations. One 
patient had a lymphoblastic transformation resistant to vincristine and prednisone. 

Chemotherapy in four patients consisted of a 4-day continuous infusion of 
cytosine arabinoside (200 mg/M^ per day) followed on a day 5 by BCNU 900 mg/ 
M'^. The BCNU was given through a Hickman central venous catheter. Two patients 
(#2 and 4) who had been heavily pretreated received only BCNU, at a dose of 1,200 
mg/M^. Patient #1 received an initial preparative regimen of cyclophosphamide, ara- 
c, vincristine, and prednisone (COAP) and upon relapse 6 months later received high 
dose-BCNU only, at a dose of l,200mg/M^, achieving a successful result after both 
regimens. 

Forty-eight hours after BCNU infusion, an aliquot of the cryopreserved cells 
was thawed in the laboratory by immersion in a 40*'C water bath. The cells were 
immediately diluted in a step-wise fashion with 3 volumes containing 200-300 units 
per milliliter of bovine pancreatic deoxyribonuclease I (DN-lOO-Sigma Chemicals, 
St. Louis, MO) to prevent cell clumping [12]. After centrifugation, the cells were 
resuspended in a final medium also containing the enzyme. The final product resulted 
in a patient dose of 2.9 x 10** mononuclear cells/kg (1.9-7.8). This was placed in a 
standard polyethylene blood transfusion bag and infused within 1 hour through a 
standard recipient set. The infusion time was approximately 30 minutes. 

During myelosuppression, supportive therapy using prophylactic platelet trans- 
fusions and antibiotics was identical to that of patients undergoing induction therapy 
for acute leukemia. Bone marrow aspirates were performed on a weekly basis 
following stem cell infijsion. Bone marrow karyotyping was repeated after patients 
demonstrated evidence of bone marrow recovery. Complete response was defined as 
clinical disappearance of the Philadelphia chromosome as well as attainment of a 
normal hemogram. Partial response was defined as elimination of transfusion depend- 
ence, improvement in symptoms, and hematologic reversion to the chronic phase of 
CGL. 

Upon discharge from the hospital, patients were followed without maintenance 
therapy until the onset of hematologic or symptomatic relapse. At the time of 
reappearance of blast crisis, patients went off protocol. 

RESULTS 
Response 

No patient achieved a normal karyotype. Six of the seven patients developed 
marrow hypocellularity and pancytopenia with a white count of less than 200 cells/ 
/xl. Five of the six patients achieved a partial response with disappearance of circulat- 
ing blasts and bone marrow aspirates/biopsies demonstrating fewer than 5% blasts 
and a pattern consistent with the chronic phase of CGL. All five had resolution of the 
symptoms of blast transformation as well. Four of these patients reverted to their 
original karyotype demonstrating only a single Ph' chromosome. The median duration 
of the second chronic phase after a single course of treatment was four months and 
ranged from 2 to 7 months. Therapy during the second chronic phase varied but was 
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not required in four patients for 3 months. Upon relapse, a second successful 
induction with autologous infusion was achieved in three of six patients, ranging from 
4 to 7 months, and a third successful induction in one of two patients, lasting 4 
months. Chemotherapy for these second attempts was variable and included high- 
dose Ara-C, high-dose cyclophosphamide, or Ara-C plus VM-26. 

Toxicity 

The stem cell infusions were accompanied by mild to moderate chills and fever 
in two of the seven patients and were easily managed with antipyretics. Nausea and 
vomiting following BCNU ranged from mild to severe in all patients despite trilafon 
and nembutal. Mild to moderate hypotension and headache occurred in all patients 
during BCNU infusion, which was managed by slowing or temporarily discontinuing 
the BCNU infusion. Patient #4, who was treated with single-agent BCNU, died of 
hepatic failure 2 months following BCNU. This patient had received daily oral 
busulphan for 2 years prior to referral and had no history of liver disease or alcohol 
use. Post mortem examination showed hepatic veno-occlusive disease and necrosis. 
The remaining patients had no pulmonary, hepatic, renal, or central nervous sytem 
toxicity which could be ascribed to BCNU. The median nadir of the white blood cell 
count was less than 100//xl and ranged from less than 100 to 2,000//i.l. The median 
nadir of the platelet count was 5,000/^^1 and ranged from under 1,000 to 16,000//xl. 
Recovery with platelet count greater than 100,000/^1 and white blood count greater 
than 1,000//a1 occurred on day 19 and ranged from 12 to 25 days following stem cell, 
infusion. Total hospitalization for the five responding patients averaged less than 1 
month. Figure 1 shows blood counts at entry into the study and 2 months following 
stem cell infusion. The white blood count went from a median of 58,000 to 9,000//a1 
(2,500-25,000). The hematocrit rose from a median of 26% to 34% and the platelet 
count remained the same or rose in all patients going from a median of 88,000 to 
450,000//xl. 

Survival 

Survival for all seven patients treated (measured from the onset of the protocol) 
was 11 months and ranged from 2 to 16 months. Measured from original CGL 
diagnosis, total survival was median of 34 months and ranged from 15 to 57 months 
in this small group. Median survival for the five responders from the onset of 
treatment protocol was 13 months (range, 10 to 16 months). 

DISCUSSION 

Seventy percent of patients with CGL undergo blastic transformation within 3 
years of their diagnosis [13]. Coventional chemotherapeutic results for blastic phase 
have been disappointing [14-20]. In a study by the CALGB [21] using hydroxyurea, 
6MP, prednisone, with or without vincristine and/or daunorubicin, a "complete 
response" occurred in 12% with partial responses in another 22%. A more recent 
report from the Baltimore Cancer Research Center and the Hospital de Clinicas, 
Montevideo, Uruguay, using a 5-day regimen of 5-a2acytidine plus etoposide, pro- 
duced one complete and 15 partial responses in 27 untreated blast crisis patients with 
myeloid phenotype [29]. In both the above studies median survival for responders 
was less than 8 months. Clearly, newer approaches are needed in this setting [30]. 
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Fig. 1. Blood counts of seven patients at entry into the study and 2 months following stenn cell infusion. 
Median value \^ shown in bars. 



Using high -dose BCNU with or without Ara-C, we produced profound pancy- 
topenia in six of the seven patients treated. Five of seven patients had a partial 
response with marked symptomatic improvement. The BCNU dose of 1200 mg/M^ 
was Jess than that which routinely causes serious nonhematologic toxicity [9] and was 
associated with acceptable side effects. Had autologous cells not been used, prolonged 
BCNU myelosuppression would have been anticipated. The median time to recovery 
of 19 days supports the efficacy of the cry ©preserved peripheral blood stem cells. 
Duration of hospital stay as well as blood support requirements and cost compare 
favorably to many ''coventional" aggressive chemotherapy regimens for blast crisis. 

The elimination of new chromosomal markers of blastic crisis in four of the 
five responders is of biological interest and is consistent with the clinical improvement 
in these patients. The median duration of remission in responding patients was 28 
weeks— confirming the work of Goldman et al [5]. Secondary responses were also 
observed in three of six attempts. Overall, the median survival for all seven patients 
after the onset of blast crisis was 11 months. A series of induction courses using other 
agents and supplemented by autologous peripheral blood stem cells could potentially 
lead to more prolonged control of the late phase of the disease. 
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Isologous and allogeneic transplantation have curative potential when used 
during the chronic phase of CML [25-281 and often supercede peripheral blood 
infusion. Therefore, the ultimate usefulness of this therapy remains unclear, and the 
outcomes in our patients may need to be compared to results of even unrelated 
matched donor grafting. On the other hand, for those CGL patients without a 
compatible donor or who, because of age or other factors, may not be physiologically 
able to sustain an allograft, this technique of autologous reconstitution appears to 
offer an imp>ortant option. 
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CLONING AND EXPRESSION OF HUMAN cDNA ENCODING 
HUMAN HOMOLOGUE OF PITUITARY 
TUMOR TRANSFORMING GENE 

In Ae Lee', Chaiigkeun Seong^ ai\d In Seong CKoe'* 
^Molecular and Cellular Biology Research Group Korea Reseanh ^-^^^^e^^'--- '""^ 
.,,.r^e. SOS... .rea 

E-mail: ■choeiucbg@kribb4680.kribb.re.kr 

«!„mmarv Recently, a potent transforming gene which was exclusively expressed in rat 
trnnor but not iS normal pituitary had been isolated and named as pimit^ tumor 
pituitary uimor ""^ ^ , en-oding human homologue of rat PTTG was 

's^szi sSu™ s " — » op.n „adi„g .^m.^ 

isoiaiea irom iiuiiiai ca cu ated molecular weight of 26 

tt tlTr^t PTTG Northern blot analysis showed that the cDNA hybridized to 1.0 kb mRNA 
I^^'ciS wth w^ eS^rS^ fetal liJer and several cancer cell lines. These -ults sugge^^'^ 
rpresrnce of the hlan homologue of rat PTTG gene may not be restricted to pituitary tumor. 

Key Words: human PTTG homologue, cDNA cloning, mRNA expression 

INTRODUCTION 



Pituitary tumors are mostly benign hormone-secreting or nonfunctioning adenomas arising 
from a monoclonal expansion of a genetically mutated cell (1-3). They may hyper-secrete highly 
differentiated protein products such as prolactin (PRL), growth hormone (GH), 
adenocorticotropic homione (ACTH), a -subunit of the gonadotrophin, and thyroid-stimulatmg 
hormone (TSH) (4). Recent applications of genetic analysis to pituitary tumors have allowed 
the elucidation of important molecular pathogenic mechanisms responsible for both sporadic and 
hereditary pituitary tumorigenesis. Point mutations of Ras oncogene (5, 6), loss of heterozygosity 
near the Rb locus on chromosome 13 (7. 8, 9). and loss of heterozygosity near MENl or basic 
fibroblast growth factor (bFGF) on chromosome 11 (10, 11) have been implicated .n some 
pituitary tumors. But. the mechanism that causes pituitary cell transformation remains largely 
unknown. Recently, a potent transforming gene which was exclusively expressed m pituitary 
tumor but not in normal pituitary was isolated from rat. and named as pituitary tumor 
transforming gene (PTTG). This gene was expressed in rat testis and human fetal liver at low 
levels Over-expression of this gene in mouse 3T3 fibroblasts showed that PTTG inhibited cell 
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proliferation and induced cell trar^fom^ation in vitro. Injection of transfected 3T3 cells int 
athymic nude mice resulted in tumor formation within 3 weeks in all animals tested (12) 

To study the function of PTTG in the human system, it is important to obtain human 
cDNA clones harboring the full open reading frame (ORF) of the homologous gene Here w 
report the cloning and sequencing of the cDNA clone containing the fi,ll ORF of the human 
homologue of rat PTTG from human fetal liver tissue and named it as hPTTG. The expression of 
hPTTG messages in various human cell lines was also studied. 

MATERIALS AND METHODS 

Constniction nf h.^i fi n f i ^tal liv^r r-.p^ A librnrifffi 

cDNA libraries were constructed from the liver tissue of a 2fi wp^t u 
(Korean) using a Marathon cDNA amplification kit (Clonetech ^1^0^^^^^ 

chromotography was converted to cDNA using the method de,crih^H q ? , 
Screeninp of fiill l^npth hPT TO cDNA c-\ ^ ^ ^<^ 

II (sSgagaSggcatcI^-c^^^^^^^ P--^-r 

amtufSSnof cDSx^^^^ S"- or 3'-rapid 

feti liver was used^'^aTem^S^ for^^^^^^^^ ^^om,J^ 

Hot?"?" ^ temperature profile ; .enatu^ior(S^'J;ffo^c^^^^^^^ 

technology was performed foIloJng thl methTdeSSd bV st b^^^^ ./.Tut""' ""^^ 

DNA segnyndnc 

mM^S^.tnZ^'^^f '"'^'"^ '"^'^^^ ^^'^^ ^^"''y chromatography using a 
wizard mmipreps DNA punfication system (Promega, Madison WI IJ <! a i 

determined by the chain termination method (16) Sng a Sqi kit^^^^^^^^^^^ 
Cleveland, Oh,o. U.S.A.) and [ a -358] dATP (Amersham. Buckinghamshire. U.K.) 

Northern blot analvsi.s 

Total RNA preparations isolated from human fetal liver or hepatoma cell lin^ u.r^-y 
re^ ved by formaldehyde gel electrophoresis and transferred to H^d S ^yTon f mbT^;: 
(Boehnnger MamAeu^ Ottweiler. Germany) by capillary transfer' method. TheTrft^d 
RNAs was cross-^mked by UV crosslinker (Spectroline. and baked at 80X: foM hour 

Mukiple Tissue Northern (MTN) blot membrane containing 2//g each of poly (A)* Z.' 
PT??wr'^pSl^?"r^ T ^^^^ P^'^ tl^e hl'allJomTgut" 

LYa^ucTotid^tSLt txr:r.szzti^^i^-^^^^^^^ - 
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RESULTS AND DISCUSSIONS 

^c^tio" of biiman PTTG homologue 

A /I -ZAP cDNA library constructed from the liver tissue of human fetus was analyzed by 
single-pass sequencing and database search of the determined partial sequence for the similarity 
with the genes reported previously (18), Among the cDNA clones analyzed, a clone S28D02 
showed 78% homology with the nucleotide sequence of rat PTTG. On the basis of the 
information from the partial cDNA sequence of the clone S28D02, the hPTTG gene specific 
primer I and II were synthesized and used for 5'- and 3'- rapid amplification of cDNA ends 
(RACE), The Marathon cDN A library constructed from human fetal liver was used as a template 
for RACE. PGR products with approximate size of 0.5 and 0.3kb were isolated and cloned into 
pCR2.1 vector and designated as clone S28 11-22 and S28 1-13. S28 11-22 was digested with Apa 
I, and re-ligated with 6.3kb Apal-Apal fragment isolated from S28 1-13. The ligation mixture 
was transformed into E. coli strain DH5 a and the transformants were analyzed by restriction 
mapping and DN A sequencing. The resulting recombinant plasmid containing the full ORE of 
hPTTG was named as clone S28D02-F13. 



Sequence of human PTTG gene 

The nucleotide sequence of the clone S28D02-F13, GenBank accession number AF062649, 
is shown in Fig. 1. The cDNA is 733 bp long and contains an ORF encoding 201 amino acids 
with a deduced molecular mass of 26 kDa. This ORF is presumed to start from the first AUG 
codon at position 72 found in the crucial context for efficient translation of eukaryotic mRNA 
(CC(A/G)CCAUGG) (19). The cDNA clone contains in-frame UGA stop codon 9 nucleotides 
upstream of the AUG. BLAST search of databases reveals that this clone has about 81% 
homology in nucleotide sequence with rat PTTG (20). We named this cDNA clone as human 
PTTG. The alignment of amino acid sequences in Fig, 2 shows that the amino acid sequence of 
the hPTTG exhibits 85% homology with the rat PTTG (78% identity, 7% favored substitutions). 
The high level of conservation between rat and human PTTG proteins might suggest the 
functional significance of the gene in both species. The amino acid sequence of the hPTTG 
between amino acid 32-66 demonstrated 41 to 59% homology with the proteins reported 
elsewhere (Table 1). Among the homologous proteins shown in Table 1, there were several 
nuclear proteins such as herpesvirus EBNA-3A and histone HI, and transmembrane proteins 
such as CNG-4 and Fl ATPase p-subimit. Above features of the hPTTG might be a clue for the 
estimation of its function. 
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MATLIFVDKENEEPGTR (17) 
«KDGLKLGSGPSIKALDG (37) 

rrrG=%^TTTTro~ 

^c-KtLEKL (157) 

wi-t.fPSPVKMPFPPWESDL (177) 

GTTGCAGTCTCCTTC;^GCATTCTGTCG.CCCTGGATGTTGAATTGCCACCTGTTTGGTG 660 

''U;>PSSILSTLDVELPPVWC (197) 

TGAMTAGATATTTAAATTTTTTAGTGCTTCAGAGTTTGTGTGTATTTGTATTAATAAAG 720 

CATTCTTTAACTGTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 



(201) 
766 



Fig, 1. Nucleotide sequence of the cDNA clone for ih^ hnr^a^ u 

deduced amino acid sequence. The numberfarthf riSit ^^^^^ ^^^'^ ^'^^ 

last nucleotide and amino acid In-frZe s c^^^^ ^^'^'^^"^ ^^^^^ 

frame are indicated by an underlitl^LtS^^^^^^ ' ^^'^ -^^^g 



Table 1. The result of amino acid homoloev search of hPTxr o u 
with the proteins reported previously. of hPTTG subseque 



nces 



a.a. residue (length) homology (identity) " 



homologous proteins 



I - 


199 


(199) 


85% 


(78%) 


162- 


193 


(32) 


59% 


(46%) 


11 - 


73 


(63) 


41% 


(30%) 


172- 


195 


(24) 


58% 


(45%) 


31 - 


96 


(66) 


43% 


(28%) 


34- 


83 


(50) 


46% 


(30%) 


52- 


115 


(58) 


40% 


(28%) 



rat PTTG 
bovine CNG-4 
human herpesvirus EBNA-3A 
human herpesvirus EBNA-3A 
Arabidopsis histone Hl-1 
Kluyveromyces FI ATPase subunit 
rabbit neurofilament H 
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It had been reported that rat PTTG had been expressed not only in pituitary tumor but also 
in testis among adult tissues and embryonic liver at low levels (12). To study the expression 
attem of the hPTTG messages in various human cancer cell lines and fetal liver tissue. Northern 
Wot analysis was performed using the cDNA sequence of hPTTG as a probe. When the presence 
of hPTTG messages in total RNA preparations isolated from fetal liver tissue and a hepatoma 
cell line, HepG2 was tested. 1.0 kb transcript was found in HepG2, but barely expressed in fetal 
liver (Fig. 3 A). Analysis of a multiple tissue blot membrane of cancer cell lines (Clontech) with 
the same probe revealed that the 1.0 kb transcript of hPTTG was expressed in promyelocytic 
leukemia HL-60, HeLa cell S3, chronic myelogenous leukemia K-562. and colorectal 
adenocarcinoma SW480 (Fig. 3B). The hPTTG mRNA was expressed in several non-pituitary 
cancer cell lines as well as in pituitary tumor cells. These results suggest that the presence of the 
human homologue of rat PTTG might not be restricted to pituitary cells but also is diversified in 
other tumors. The cDNA sequence covering the entire ORF of hPTTG was subcloned into an 
expression vector pGEX4Tl, and its recombinant protein was produced in E. coli (data not 
shown). 



hPTTG 
rPTTG 



■ matlievdkeneepgtrwakdglklgsgIIikaldgrsqvstprIgkIfgapI : 54 

': MATLIFVDKMlEEPGSRl|SKDGLKLGSG--VKALDGKiQVSTPRVGKVFGAPG : 52 



hPTTG 
rPTTG 



LPKASRmGTVNRVTEKPVKSKGPLQSKQPTLgAKKITEKSVKSRGSVPASDD 
LPKASRKALGTVNRVTEKPVKSSKPLQSKQPTLSVKKITEKSpTQGSAPAgDD 



108 
106 



hPTTG 
rPTTG 



aypeiekffpfnpldfesfdlpeehoi||lplsgvplmildeer|lekl|qlgp 

AYPEIEKEFPFDPLDFESFDLPEEHQISLLPliGVPLMILNEERGLEKLLgLgP 



162 
160 



hPTTG 
rPTTG 



pspvkmpfppbesdSlqspssilstldvelppvwceidi 



201 
199 



Fie. 2 Sequence alignment of the predicted human homologue (hPTTG) sequence with rat 
PTTG^rPTTG) sequence using the Pile-Up program of GCG package (21). Perfectly matched 
residues were denoted as dark boxes and well conserved ones were denoted as gray boxes. 
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B 



Kb 



4.4 - 



2.4 - 



135 - 




Fig. 3. Distribution of hPTTG mRNA in fetal liver tissue and various cancer cell lines A 
cancer cell line multiple tissue blot membrane (Clontech) was used. Lanes 1 to 8 contain in order 
2/ig each of poly (A)* RNA from human cancer cell lines, promyelocytic leukemia HL-60 fll* 
HeLa cell S3 [2], chronic myelogenous leukemia K-562 [3], lymphoblastic leukemia MOLT-4 
4 , Burkitt s lymphoma Raji [5], colorectal adenocarcinoma SW 480 [6], lung carcinoma A545 
[7], and melanoma G361 [8]. Locations of size markers were indicated on the left B ToS 
RNAs isolated from human fetal liver and human liver cancer cell line HepG2 were resolved bv 
formaldehyde gel electrophoresis and transferred to a Hybondf^> nylon membrane by a capillary 
transfer method (14). Lanes 9 to 10 contain in order, 10//g each of total RNA from human liver 
cancer cell Ime HepG2 [9] and human fetal liver tissue [10]. Ribosomal RNAs (28S and 18S) 
were used as RNA size markers. The membrane blots were subsequently hybridized with the 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) probe to correlate the RNA contents on 
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An Intronless Homolog of Human Proto-Oncogene hPTTG is 
Expressed in Pituitary Tumors: Evidence for hPTTG Family 

TONIR PREZANT.PINARKADIOGLUANDSHLOMOMELMED rr 

Sio« 0/ EndocKnoio^y and Metabolism, Cedars-Sinai Research InsUtute. UmversUy of 

California, Los Angeles, CA 

ABSTRACT A novel proto-oncogene, PTTG (Pituitary Tumor Iransformingflene), was isolated 
^Tnur laboratory by virtue of its increased expression in rat pituitary tumor cell Unes. CeUs which 
Lrexor^s h^^^ form tumors in athymic mice. hPTTG is highly expressed m cancer 

P^^^^^ and in normal testis, suggesting that hPTTG P-^^^ ^^^^^^ 

Su^sp^ific interactions in normal cells and in cancer. Alternatively, different JPTTC gene famdy 
SerT^y be functional in normal development and in ^^-^^^^^^ 
chromosomal location oihPTTG to 5q33, we discovered a second gene 

on^mans to chromosome 4pl2. Using gene-specific oligonucleotide hybridization m a PCR-ELlbA 
Ssay we deter^"^^^^^^^ hPrrG2 is'expressed in both normal and tumorous ^^^^^^^^ 
SgMevels of hPTTG mRNA in cancer cell lines are due to increased 

U^L famUy of proto-oncogenes appears to differentiaUy participate m tumor-specific pathogenesis. 



genesis suggests that other tissue-specific 
proteins and/or post-transcriptional events 
mediate the oncogenic potential of hPTTG. 
Alternatively, different members of an hPTTG 
gene family could be differentiaUy expressed in 
cancer and in normal development. 

The chromosomal location of hPTTG was 
determined by PGR analysis using a human- 
hamster radiation hybrid mapping panel, with 
primers from exons 4 and 5 of hPTTG, The 3.5 
kb genomic DNA product was obtained only 
with DNAs from the mapping panel that 
contained the human chromosomal region 5q33. 
This location was confirmed by fluorescent in 
situ hybridization analysis using as probe a 
genomic DNA clone encompassing hPTTG (2). 

During the course of these studies, several 
primer pairs were found to amplify PGR 
products of the sizes expected for a cDNA 
template, in addition to the expected intron- 
containing products. The cDNA-sized products 
were not due to PGR contamination, and the RH 
mapping panel results obtained for the 
intronless PGR product suggested a second 
locus, near the polymorphic marker D4S1581. 
Thus, hPTTG appears to have a closely related 
homolog on chromosome 4, which may 
contribute to the hPTTG mRNA signal detected 
in Northern blot analysis. In this study, we 
describe the preliminary characterization of 
hPTTC2, and determine the expression pattern 
of the two hPTTG genes in several normal 
tissues, pituitary tumors and cancer cell lines. 



A novel proto-oncogene, PTTG was isolated 
in our laboratory (1, 2). NIH 3T3 cells 
transfected with wildtype PTTG cDNA are 
transformed in vitro and form tumors in 
athymic mice (1). The nucleotide sequence of 
hPTTG cDNA is 85% identical to rat PTTG 
cDNA and the encoded proteins are 89% similar. 
Sequence analysis of hPTTG cDNA in eight 
cancer cell lines revealed no activating 
mutations. Thus, wildtype hPTTG is a proto- 
oncogene, with its oncogenic potential 
dependent on its expression level. 

The 609 bp open reading frame of hPTTG 
encodes a 202 amino acid protein with no other 
structurally similar proteins found in GenBank. 
However, two motifs of Pro-X-X-Pro in the 
carboxyl end could allow binding to SH3 
domains, suggesting a role in intracellular 
signal transduction (3). These two SH3 binding 
motifs are necessary both for hPTTG's 
transforming abiUty and for hPTTG- mediated 
induction of the angiogenic basic fibroblast 
growth factor (4), which, like hPTTG, is 
increased in several tumors (2). 

Although hPTTG mRNA is highly expressed 
in cancer cell lines and primary tumors, it has 
limited normal tissue expression (2, 5). The 
transcript is particularly abundant in testis and 
is also detectable in thymus, spleen and colon. 
hPTTG transcription appears to be develop- 
mentally regulated, with mRNA expressed in 
fetal but not adult Uver. That high levels of 
hPTTG transcription occur without tumori- 
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RAPID COMMUNICATIONS 



Materials and Methods 

Nucleic acid preparation, tissues and cell lines 

RNA and DNA were TRIZ 0 L-extracted 
(Gibco, Gaithersburg, MD) from snap-frozen 
human tissues and pelleted culture cell lines, 
including: normal pituitary (Zoion Diagnostics, 
New York, NY), normal testis (#UMB95, Brain 
and Tissue Bank for Developmental Disorders, 
University of Maryland, Baltimore, MD), and 
the cell lines HeLa, HL-60, JEG3, MB231, 
SK0V3 and LL-24 (American Type Culture 
Collection, Manassas, VA). Multiple tissue 
cDNAs were from Clontech (Palo Alto, CA). 
Pituitary tumor samples were obtained 
according to institutional guidelines (6), DNAs 
were isolated from separate pieces of the above 
tissues, using DNA20L (Gibco), and QIAamp 
tissue purification kit (QIAGEN, Valencia, CA). 
Hamster-human monochromo-somal DNAs 
(NA10114, human chromosome 5; NA10115, 
human chromosome 4) and Chinese hamster 
DNA (N A 10658) were from CoheH Institute for 
Medical Research (Camden, NJ). 
PCR and primers (Gibco) 



Primer 



Table 1. 
Sequence 



PCR primers 



34a 5' GGAGAACCAGGCACCCGTGTG 

70a 5' CrGAAGCTGGGGTCTGGACCTTC 

186a 5' GGCnTGGGAACTGTC 

3 14a 5' CTGCCTCAG ATGA TGCCTATCCAG 

420F 5' CTITGAGAG TnTG ACCTGCCTG 

261b 5' GCTrcGCrGTmrcTrTGAGGGG 

436b 5' GAGGCACrCCACTCAAGGGG 

466b 5' CAAGCTCTCTCTCCTCGTCAAGG 

601 b 5* CTATGTCACAGCAAAC AGGTGGC 

604R 5* ACAGAATGCTTGAAGGAGACTGC 

hPTTG was amplified from ^50 ng genomic 
DNA, with 1.75 U Expand High Fidelity enzyme 
(Boehringer Mannheim, Indianapolis, IN), 1 x 
reaction buffer, 1.5 mM MgCl2, 0.2 mM dNTPs, 
and 300 nM each primer, in 35-40 cycles of: 
94^C, 15 sec; 60*C, 30 sec; 68**C, 2.5 min. 

Southern blot analysis ofhPTTGl and hPTTG2 
EcoRI-digested DNAs (10 ng) were electro- 
phoresed in 0.8% agarose and transferred to 
HybondN+ nylon membranes (Amersham, 
Arlington Heights, IL), and hybridized to 
random prime labelled (Gibco) 34a/261b cDNA 
product. 10^ cpm/ml of probe was incubated in 
QUIK-Hyb hybridization buffer (Stratagene, La 
JoUa, CA), at 68''C. The stringent wash 
contained 0.2 x SSC, 0.1% SDS at 55*C. 



Radiation hybrid mapping of hPTTG 

The chromosomal location of hPTTG was 
determined by PCR analysis using the Stanford 
human-hamster G3 radiation hybrid (RH) 
mapping panel (Research Genetics, HuntsviUe, 
AL), with primers 314a/466b, from hPTTGl 
exons 4 and 5, respectively. In addition to the 
3.5 kb product ofhPTTGl, some PCR reactions 
produced an ftPTTG-related 153 bp band, the 
results for which were separately submitted to 
the Stanford Human Genome Center website to 
determine linkage to previously mapped 
markers. 

Sequence analysis 

The hPTTG2 genomic DNA was amplified 
with the 34a/601b primers, sequenced with 
a^P-ddNTPs (ThermoSequenase, Amersham, 
Arlington Heights, IL), electrophoresed in 6% 
acrylamide/TM urea (National Diagnostics, 
Atlanta, GA) and subjected to autoradiography 
on BioMax MR film (Kodak). 
PCR'ELISA 

1 |ig of total RNA was treated with 
amplification grade DNAse I (Gibco) and reverse 
transcribed using Superscript II (Gibco). 
Digoxigenin dUTP (PCR-ELISA kit, Boehringer 
Mannheim) was incorporated during PCR 
amplification, with 50 ng of first strand cDNA, 
primers 420F and 604R, in 35 cycles of: 93^C, 30 
sec, 64**C, 30 sec, 72**C, 30 sec. After gel 
quantitation, approximately 50 ng RT-PCR 
product was hybridized in triplicate at 55**C, to 
the biotiriylated gene-specific oHgonucleotides: 
hPTTGl (5' CTTGACGAGGAGAGAGAG) or 
/iPTTCP (5' CTTGATGAGGAGfiGAGAG). The 
colorimetric results were quantitated in a Bio- 
Tek EL-311 microtiter plate reader. Two 
standard curves were prepared with purified 
PCR products (40, 10, 2, 0.5, 0.2 ng) and their 
homologous probes (i.e. Gene 1 with probe 1, 
Gene 2 with probe 2). Heterologous control 
hybridizations verified the assay. (-)RT-PCR 
controls were subtracted as background in the 
PCR-ELISAs. hPTTGl assays were diluted 1:10 
to be in the linear range. As little as 0.2 ng of 
hPTTG2 mRNA could be detected in the 
presence of 40 ng of hPTTGl mRNA. Results 
were subjected to weighted linear regression 
analysis. The intra-assay %CVs were 6.87 (43 
ng hPTTGl) and 9.52 (0.87 ng hPTTG2), Inter- 
assay %CVs were 10.79 (10 ng hPTTGl) and 
25.9 (0.5 ng hPTTG2). Data are expressed as 
(hPTTG2/(hPTTGl ■^hPTTG2)x 100. 
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Dideoxy fingerprint screening 

Two samples were screened by TA-cloning 
34a/601b RT-PCR products into pCR2.1.T0P0 
(Invitrogen, Carlsbad, CA). 100 white colonies 
were screened by dideoxyfingerprinting (as in 
6). 

Results 

Initicd characterization ofhPTTG2 

Several primer pairs were found to amplify 
additional PGR products of the sizes expected 
for a cDNA template: 34a/466b = 433 bp; 
34a/601b = 568 bp; 70a/466b = 397 bp; 70a/601b 
= 632 bp; 186a/436b = 251 bp; 314a/466b = 153 
bp. The cDNA-sized products were not due to 
PGR contamination, as they were not produced 
in the water blank reaction nor with hamster 
genomic DNA as template. The 34a/601b and 
314a/466b products were sequenced and found 
to be related to /iPTTU. 
Mapping the chromosomal location of hPTTG 2 

When the human-hamster 03 RH mapping 
panel was scored for the cDNA-sized product, it 
mapped to 4pl2, a different location from 
hPTTGl with a LCD score of 13.7, at 7.68 cR 
from D4S1581. This chromosome 4 location was 
confirmed by PGR and Southern blot analyses, 
using monodiromosomal human-hamster hybrid 
DNAs and human lymphocyte DNAs (6). 

Figure 1 shows the PGR products obtained 
with primer pairs 34a/601b and 314a/466b. The 
human chromosome 4 amplification products 
(lanes 3 and 7) are the sizes expected for an 
intronless gene, and were sequenced to confirm 
relatedness to hPTTG (not shown). 

123456789 10 




668 bp 
163 bp 



Figure 1. PGR of HPTTG. Genomic PGR with hPTTG primers 
34a/601b Qanes 2-5), 314a/466b Canes 6-9). Lanes: (2, 6) hamster 
DNA; (3, 7) hamster/human chr. 4; (4, 8) hamster/human chr. 5); (5, 
9) water; (1, 10) DNA markers. 

Southern blot hybridization (Figure 2) 
further confirmed the RH mapping panel 
results. The 5' half of /iPTTCcDNA hybridizes 



to EcoRI fragments of --2.5 kb (chromosome 5, 
lane 1) and -7 kb (chromosome 4, lane 2). The 
hamster DNA (lane 3) does not hybridize to the 
human probe in these conditions. The two 
bands are not due to restriction fragment length 
polymorphisms, as both were found in human 
lymphocyte DNAs from 47 control individuals 
(lanes 4-6 show representative samples). Thus, 
hPTTGl appears to have a closely related 
homolog on chromosome 4, hPTTG2, which may 
contribute to the hPTTG mRNA signal detected 
in Northern blot analysis. 



1 2 3 4 5 6 



7kb 




2.5 kb 



Figure 2. HPTTG Southern blot. EcoRI-digested DNAs hybridized 
with 5' half of HPTTG cDNA. Lanes: (1) hamsterrtiuman chr. 5; (2) 
haiMter/human chr. 4; (3) hamster; (4-6) human lymphocyte DNAs. 

Sequence homology of hPTTGl and hPTTG2 

The amplified genomic DNA containing 
hPTTG2 (34a/601b primers) was sequenced. 
This analysis revealed 94% (462/489 bp) 
nucleotide homology to hPTTGl cDNA and 91% 
(138/152 amino acids) identity in the encoded 
open reading frames. The GenBank accession 
number is AFl 16538. 

Quantitative analysis ofhPTTG2 transcription 

Since Northern blot analysis did not 
distinguish expression of the two hPTTG genes, 
we quantitated the relative ratios of expression 
by PCR-ELISA, detecting digoxigenin labelled 
RT-PCR products that anneal to biotinylated 
GSOs. In this assay, with 40-50 ng input cDNA, 
0.2-5 ng of a minor product could be detected 
reliably. hPTTG2 expression was also observed 
by an independent method, dideoxyfingerprint 
screening of cloned RT-PCR products. 

RNAs from samples with normal hPTTG2 
sequence in all primer binding sites were used 
in the PCR-ELISA assay. These included 
normal human pituitary, brain, placenta, colon, 
ovary, spleen, thymus and testis, pituitary 
tumors, and a primary fibroblast cell line, LL- 
24, and five cancer cell lines. Since genomic 
DNA was not available for the multiple tissue 
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cDNAs, amplification used a 60**C annealing 
temperature, and cycle numbers were adjusted 
to obtain visible products. In addition, two 
pituitary tumors (T-29 and C-2) were assayed by 
ddF fingerprinting screening, with similar 
results. 

Table 2. % W*rrG^ Expression 



CeUs 


Desoiption 


% hPTTG2 


or Tissue 




expression 


Normal Tissues 






tUpitB 


normal pituitary 


5.0 


nl piLC 


normal pituitary 


4.9, 6^ 


pituitary 


nl pituitary pool [18] 


1.0 


brain 


MTpool [5] 


1.6 


placenta 


MTpool [7] 


2.1 


colon 


MTpool [11] 


<1 


ovary 


MTpool [10] 


1.6 


spleen 


MTpool [5] 


5.3 


thymus 


MTpool [8] 


<l 


testis 


MTpool [19] 


<1 


UMB95 


normal testis 


<1 


Pituitary TvHnors 




T-l 


NF 


<1 


T-8 


NF 


<1 


T-9 


NF 


<1 


T-IO 


NF 


2.5 


T-75 


NF 


3.3 




TSH 


8.7 


T-60 


GH 


8.5 


T-62 


GH 


1.7 


T-63 


PRL 


<1 


T.77 


PRL 


4.9 


T-46 


ACIH 


1.6 


C-2 


ACIK 


8.5* 


T-29 


LH/FSH 


2.1* 


Cell Lines 






HeLa 


cervical cancer 


<1 


HL-60 


myeloid leukemia 


<1 


JEG3 


choriocarcinoma 


<1 


MB231 


breast cancer 


1.1 


SKOV3 


ovarian cancer 


1.7, <l 


LL-24 


primary fibroblast 


<1 



* assayed by dideoxy fingerprinting, [#] = number of individuals in 



the Multiple Tissue (MT) cDNA pool. 

The results in Table 2 show that hPTTG2 is 
expressed in normal pituitary, and has 
moderately elevated expression in some 
pituitary tumors. Although hPTTG2 is not a 
silent pseudogene, it is a minor species even in 
pituitary, and is not the isoform of hPTTG that 
displays increased expression in cancer cell lines 
or normal testis. 

Discussion 
High levels of hPTTG mRNA are observed 
in cancer cells, and can lead to tumorigenesis in 
athymic mice (2), One hypothesis is that 
different members of an hPTTG gene family 



could be responsible for its normal and/or 
tumorigenic functions. Through PGR of genomic 
DNA, we identified an intronless homolog, 
hPTTG2, that maps to chromosome 4pl2. The 
two hPTTG genes are highly conserved at both 
the nucleotide and amino acid levels, including 
the potential SH3 binding domains. We found 
that hPTTG2 is expressed at low levels in 
normal pituitary and in some normal tissues. 
hPTTG2 may . be involved in pituitary 
tumorigenesis, since total hPTTG mRNA is 
generally increased in pituitary tumors (5), and 
we detected increased proportions of hPTTG2 
mRNA in three tumors. However, it is unlikely 
that hPTTG2 contributes to tumorigenesis in 
general, since >99% of the hPTTG cDNA in 
cancer cell lines is hPTTGL Recently, we also 
observed multiple (37) polymorphisms in a 
region of hPTTG2 in thymus derived from a 
normal subject. This may suggest the existence 
of yet a third member of this family. 

Gene-specific studies will unravel the roles 
of the respective hPTTG proteins. 
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RADIOBIOLOGICAL STUDIES OF A HIGH-LNERGY 
iVIODULATED PROTON BEAM UTILIZING CULTURED 

MAMMALIAN CELLS 
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John B, Little, MD,^ Daniel F. Flynn, MS/ and Herman D. Suit, MD* 



The modulated, 160-MeV proton beam produced by the Harvard Cyclotron 
has been examined in detail for its ability to kill mammalian cells as assayed by 
colony forming ability. Using two different cell exposure techniques, the 
characteristics of position and total dose in producing cell death in two 
aneuploid cell lines selected for their radiobiological relevance have been 
determined. The parameters which describe the survival curves after proton or 
<*°Co irradiation show no statistical differences, except on the distal portion of 
the final Bragg peak of the proton beam, where RBE increases to approximately 
1.4. This increase in RBE results in extending the cell killing effect of the beam 
by approximately 2 mm. This effect may be of practical significance in the 
irradiation of tissue such as the pituitary where the position of the Bragg peak 
is of great importance. The overall killing efficiency ratio between the modu- 
lated high-energy proton beam and »°Co 7 rays was 1.00 ± .01 (standard 
error). 

Cancer 35:1664-1677, 1975. 



Clinical advantages which might ob- 
tain from therapeutic applications of high- 
energy protons were first considered by 
Wilson.^^ Recently, Koehler and Preston^* dis- 
cussed advantages in dose distribution which 
can be achieved with modulated-energy proton 
beams. High-energy proton beams have been 
used clinically at several centers in the United 
States,"- ''' Sweden, and the USSR.^' 
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A clinical trial of proton radiation therapy is 
being planned which will utilize the 160-MeV 
Harvard Cyclotron. The study will feature 
large fields and fractionated dose (180-200 rads 
per fraction), and a proton beam of broadly 
modulated energy. Based upon work by other 
groups, the RBE of such of a beam will be ex- 
pected to approach closely 1.0. There is, 
however, a wide spread in reported RBE values 
for proton irradiation, as given in Table 1. 
Reported values that compare the RBE of 
protons in the plateau region with those in the 
Bragg peak region are tabulated in Table 2. At 
any given cross section within the modulated 
region of a particular proton beam, the flux of 
protons will be a composite of protons in the 
plateau region and protons in various positions 
on the Bragg peak. As this composition varies 
among beams from different sources, the RBE 
must be determined experimentally for each 
specific proton beam. 

In preparation for our clinical study, the need 
for experimental determination of RBE values 
for the actual beams to be employed became 
clear. For this purpose, inactivation of mam- 
malian cells in vitro was selected as the end- 
point. RBE values have been determined by 
comparing Do and n values and cell survival at 
specified doses for proton and ^°Co irradiation. 
This paper describes the result of that work. 
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Biological 
endpoint 



Mouse (whole body) 



Lr)5( 



LDs, 



Mouse 

thymus weight loss 

spleen weight loss 

testes weight loss 
median survival time 
induction of 
dominant lethals 
spermatogonial 
genesis 

cataract formation 

.VI 0 use (eye) 

chromosome aber- 
rations 

Rat (whole bodv) 



L0„ 



[-Energy 


MODUL.ATED 


Proton Be.vm 


• Robertson et ai. 


1665 


T.\BI.E I 


Reporu'd Kb! 


, X'aUu's tor I litih 1 


-nrruy l*r()U)n> 






Proton 


Dose 


RflL-rcncf 








energy 


rate 


radiation 


rate 






(MeV) 


(rads/min) 


(MfV) 


(rad.^/ min ) 


RKl:. 


Reference 


730 




.250 


- 


l.U 


2 


730 


1000 


.250 


100 


i.4 (M.M)) 


1 


730 


100 


.250 


100 


1.2 


1 


730 


100 


.250 


- 


.90 


3 


200 




.250 


- 


.95, .98 


3 


138 


545 


«°Co^ 


550 


1.26 ± .06 


13 


138 


265 




256 


1.06 ± .05 


13 


138 


87 


7 


86 


1.18 ± .07 


13 


157 


250 


.250 


8U 


.77 ± .1 


6 


730 


100, 1000 


.250 


20.100 


.9 (MAD)* 


1 


730 


100, 1000 


.100 


lUU 


1.2 (M.AI))* 


1 


730. 


100 1000 


.100 


20 


1.3 (MAO)* 


1 


730 


100 


.250 


- 


.81 


3 


200 




.250 


- 


.81. .84 


3 


138 


545 


«^Ov 
7 


550 


1.02 ± .04 


13 


138 


265 


*"Co^ 


256 


.97 ± .05 


13 


138 


87 




86 


1.10 ± .04 


13 


2200 


350 


.250 


112 


.87 ± .05 


20 


730 


500-1000 


.200 


30 


.75 


49 


730 


100 


.250 


- 


.75 


3 


730 




.250 


- 


.7 


2 


730 


100. 1000 


.250 


20, lUO 


.8 (MAD) 


1 


730 


100, 1000 


.100 


20.100 


1.2 (MAD) 


1 


660 


300-450 


.180 


_ 


.5-.6 


26 


592 


361 


.250 


80 


.98 


4 


440 


40-80 


.250 


40 


.72 


33 


440 


18 


.125 


18 


.7 ± .2 


7 


315 




.180 


- 


-1 


45 


200 




.250 




.75, .79 


3 


138 


545 


T 


550 


1.06 ± .04 


13 


138 


265 


•«Co^ 


256 


.97 ± .05 


13 


138 


87 




86 


1.07 ± .04 


13 


126 


18-90 




-18-90 


.7 


19 


2200 


350 


.250 


118 R/min. 


1 


31 


592 


361 


.250 


80 R/min. 


1.01 ± .1 


4 


-90 


(v, low) 


.250 


16 R/min. 


2.08 ± .07 


50 


2200 


350 


.250 


1 1 u U /min 


1 


31 


-90 


(v. low) 


.250 


16 R/min. 


1.75 ± A 


50 


592 


361 


.250 


80 


1.03 ± .1 


4 


592 


361 


.250 


80 


i.OO ± .1 


4 


730 


100 


.250 




-1 


3 


730 


100 


.250 


- 


-1 


3 


60 




.300 




1 


15 


126 




.180 


- 


0.6T 


30 


660 


300-450 


.ISO 


- 


.6".' 


26 


510 


lS-90 


*°Co^ 


- 18-90 ■ 


. ~3 


19 


500 


42 — 138 


.ISO 


5.1 


.SO ~ .05* 


32 


500 


42 — 138 


«"Co^ 


4.3 


.'2 ~ .04* 


32 


240 


18-90 




-18-90 


."3 


19 


126 


18-90 




-I8-9U 


.SO 


19 


510 


18-90 




-18-90 


.75 


19 


240 


18-90 


•°Co^ 


-l8-9ij 


.~9 


19 


126 


18— 9U 


L.Oy 


-18-90 


.SU 


1 0 

1 / 
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cndpoint 



Proion 
enertjv 
(MeV) 



I )()S(; 
rate 
(rads/min) 



Kcferciicc 
radiation 
(MeV) 



Dose 
rate 
(rads/min) 



RBE 



Rat 

(rectum) 

histopathologic 

change 

(abdomen) weight 
loss and mortality 
Monkey (whole body) 
Macaca mulatta LDjo* 



hematologic changes 
and "Fe ferro- 
kinetics 



cardiovascular 
changes 

min. lethal dose 

80% WBC depression 
Dog (whole body) 



Rabbit 
cataract formation 



skin damage 
tumor clinical 
response and histo- 
pathology 
Mammal (whole body) 
mortality and organ 
damage 

Vicia Jaba chromosome 
aberrations 

E. colt K12 phage 

production 
Salmonella typhi TY 2 

reduction to 10% 

survival 

Maize cytogenetic 

effects 
Cultured cells 

He La survival 

CHO survival 

CHO abnormal 

meiaphase 
Ribonuclease G value 
Lvsozvme G value 



185 

185 

730 
400 
138 



400 
250 
138 

400 
138 

-200 
-200 

510 
240 
126 

100 
100 
20 
20 
40 



40 



126-730 



170 



100 



152 
152 

2800 

90 
90 

90 
120 
120 



300-800 

350 

1000 
16 

50-65 



16 
8.4 
50-65 

55 
55 

14-*20 
14-.20 

l8-*90 
18-90 
18-90 

25 
25 
25 
25 



8000 
8000 



300 
300 

300 
7000 
7000 



.220 
.220 

2.0 
2.0 



2.0 
2.0 
2.0 

"Co, 

«Co, 

"Co, 

1.0 
1.0 
1.0 
1.0 
.220 



.220 



.200 (or "Co 
corrected to .200) 

.180 



"•Co, 



.250 
"Co, 

.250 

"^Cs, 
^"Cs, 

'"Cs, 
"Co, 
"Co^ 



340 

400 

lOOU 
10.7 
10.7 



10.7 
10.7 
10.7 

100 
100 



'18-90 
-18-90 
'18-90 



80 



500 

78 
78 

78 
7800 
7800 



.6-.7 

.77 ± .18 

1.3 
1.14 ± .07 
1.30 ± .09 



1.0 
1.0 

.6(ABD) 
1.0 (ABD) 

I.IS 
1.15 
1.0 

2.0 

2-2.4 
2.6-3 
2.6 
.6-.7 



-1 



.82 ± .04 



.70 ± .05 (AIR) 
.66 ± .05 (Na) 

.85 



1.0 
1.0 

4.4 

.75 ± .06 
.68 ± .09 

.77 
.91 
.92 



Ref< 



ere nee 



39 

40 

52 
12 

n 



12 
14 
11 

25 
25 

44 
44 

19 
19 
19 

9 
10 
10 

9 
38 



18 



47 



27 



34 



3 

5 

37 

48 
48 

48 
41 
41 



* Calculated from the authors' data. 

M;\D = midline air dose; .'\BD = average body dose. 
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Biological 
cndpoini 



Maximum Plateau 
proton ener^v reference energy 



(MeV)* 



Dose 
rate' 
(rads/min) 



KBK' 
peak/ 
plateau 



Remarks 



Reference 



-ibnormal metaphase 



Mouse bone marrow and 
tumor cells 
cell degeneration 



abnormal anaphase 

Cebus monkey 
brain lesion 



Chinese hamster 
Ovary cells 
cell survival 



Ribonuclease 
G value 



185 
185 
185 

180 

180 
160 

100 
100 



170 



170 



170 



-100 



-100 

-30-40 
(-7 mm before 
Bragg peak) 

90 

(20 r/min) 
90 • 
(20 r/min) 



40 



15 



1.2 ±0.2 At peak and 2 mm 
before. 



2.3 



50-80 
average 



50-80 
average 
200-7,000 



1,200 
1,20U 



-0.6 
+ 24 



1.0 



1.3 



Near the mean proton 27 
range. -4mm I I2O alter BP. 

-9mm H,0 after BP; 27 
dose -2% of peak value. 



Degraded from 680 
MeV; LE r measured 
0.7 io2.3kev//i. Peak 
and about 2 cm after 
peak examined. 



I _ I 4 RBli increases at end 
of range. 



1.44 ± 0.08 Instantaneous dose rate 
about 10* rads/min. 

1.85 ± 0.15 



36 

36 
43 

48 
48 




Materials and Methods 

Cultured Cells 

The cells used for the majority of these experi- 
ments are an aneuploid line originally derived 
from a rat hepatoma and designated H4. Ihey 
were obtained from Dr. A. H. Tashjian, Jr^at 
the Harvard School of Dental Medicine. The 
cells were maintained in Eagle's Minimum Es- 
sential Medium supplemented with nonessentia 
amino acids, 50 U/ml of potassium pemcilhn, dU 
ma/ml of streptomycin sulfate, d% fetal call 
serum, and 5% horse serum. Stock cultures were 
grown- in S-ounce glass prescription bottles («U- 
growing surface area) at 11<^C - a humified 
5% CO2 95% air atmosphere. LICM ceiis, a 
human aneuploid cell originally derived from a 
liver explant,' were maintained as reported 



elsewhere.'" These cells were used in some low- 
dose experiments. 

In Technique I, cells were harvested from ex- 
ponentially growing stock cuhures 12 hours 
prior to irradiation, and plated at 2. d-d X lU 
cells per bottle. The cells were harvested 18 
hours prior to irradiation, counted, and seeded 
into 250-ml plastic Falcon flasks at cell con- 
centrations calculated to produce 100 to 200 sur- 
vivors within the irradiation area. Special efforts 
were made to ensure an even distribution ol at- 
tached cells. Response of H4 cells to irradiation 
is independent of plating densities up to 2 X lU 
cells/cm^ in the studies reported here, cells 
were plated at < 1.2 X 10^ cells/cm . 

Two hours prior to irradiation, the flasks were 
compleielv filled with nutrient medium without 
serum, yielding a f^nal serum concentration ot 
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Fig. I. Cell flask positioner. A water-tight box constructed 
of 1/4 inch lucite. The flasks may be positioned at any loca- 
tion. This apparatus was used for Technique I irradiations. 

2%. The flasks to be irradiated, as well as the 
controls, were transported by automobile to the 
irradiation site about 4 miles distant from the 
laboratory: there the cells were maintained in a 
37 °C water bath. Upon completion of the ir- 
radiation, the cells were returned to the 
laboratory, and the medium was decanted and 



C 











A — 




B 








w 



D 

Fig. 2. The apparatus used for Technique II irradiations. 
The proton beam exits the telescoping water-filled sleeve (A) 
and strikes the ceils attached to the petri dish (B). The at- 
mosphere desired for the irradiation enters and exits through 
ports C and D. 



replaced with 10 ml of fresh complete medium. 
The cells were then incubated for 7 days; 
colonies were then stained and scored. All 
colonies composed of 50 or more cells were 
counted as survivors. 

In Technique II, cells were harvested from ex- 
ponentially growing stock cultures, and plated 
at a concentration of 1 X W cells per (3()-mm) 
petri dish. These cells were allowed to attach 
overnight, and were then transported to the ir- 
radiation site. Upon completion of irradiation, 
the petri dishes were returned to the laboratory 
and the cells were detached with trypsin, 
counted, and seeded in fresh medium in 100-mm 
petri dishes at concentrations calculated to 
produce 100-200 survivors. These cells were in- 
cubated for 10 to 14 days, stained, and scored. 



c o: 



W 



Fig. 3. Schematic view of cell ir- 
radiations: vertical cross-section 
along the beam axis. The beam 
emerges from the vacuum transport 
system at E and is focused at aper- 
ture A of the coilimating device 
(X). After being scattered by a lead 
scatterer (S). the beam is further 
coliimated by apertures B.. C. and 
I). .A telescoping water-filled sleeve 
(W) allows any portion of the 
depih-dose curve lo be selected as 
the entrance dose to the cell flask 
positioner (F). Dose is monitored 
by an ionization chamber (.VI). The 
range modulator (R) is located just 
proximal to aperture C. 
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Fig. 4. Range modulator wheel. Plate I is open; ail other 
plates are symmetrically opposed lucite blades mounted on a 
central motor-driven shaft. One revolution represents two 
modulation cycles. 



Hospital. Boston, at a dose rate of 20 to 73 
rads/minute (see below). 

The apparatus used to hold the culture fiasks 
for Technique I is shown in Fig. I. The lucite 
box is constructed to hold the plastic tissue 
culture flasks with the growing surfaces perpen- 
dicular to the beam of radiation; their positions 
along the beam axis are variable. Water at a 
constant temperature of 37°C circulated around 
the flasks. This technique permitted determina- 
tion of survival at various points along the 
proton beam during a single irradiation. The 
apparatus used in Technique II is shown in Fig. 
2. When this method was employed, the 
medium was aspirated from the dish just prior 
to irradiation, and immediately replaced upon 
completion of the irradiation. As can be seen in 
Fig. 2, the atmosphere overlying the cells may be 
readily controlled by this technique. 

Cobalt-60 Dosimetry 

All ^^Co data were generated using Technique 
I. The position of each flask was fixed, and the 
entire holder was aligned with the beam and 
centered such that the cell surface of the third 
flask was 55-cm from the source. The doses to 
the other flasks were then calculated, correcting 
for field size dependence, distance, and attenua- 
tion in the medium. The dose rate varied from 
73 rads/minute to the first flask to 20 rads/- 
minute to the fifth flask. 



Irradiation 

Proton irradiations were carried out at the 
160-MeV cyclotron at Harvard University, 
Cambridge, Massachusetts, at a dose rate of 160 
to 250 rads/minute. ®°Co irradiations were per- 
formed on a teletherapy unit (Atomic Energy of 
Canada) at the Massachusetts General 



Proton Beam Configuration and Dosimetry 

The 160-MeV proton beam of the Harvard 
synchrocyclotron was used in all proton irradia- 
tions. Two geometries were investigated: a small 
field (51-mm diameter) with 5-cm range mod- 
ulation (see below), using standard collimat- 
ing techniques, and a large field (25-cm diam- 



FiG. 5. Proton depth-dose 
employed in cell irradiations 
measured in a water phantom. The 
individual peaks (I-Vl) con- 
tributing to the 5-cm broadened 
distribution correspond in position 
and height to the thickness and 
dwell angle of the range modulator 
plates, based on a measurement of 
the unmodulated Bragg peak for 
the same flux of protons as in the 
modulated case. The hatched curve 
is the summation of curve I through 
\'I and compares well with the one 
experimentally measured (M). 
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Fig. 6. Radiation survival curve for H4 cells irradiated 
vv'ith *°Co 7 rays. The Do was 185 rads, and the extrapolation 
number was 2.4. Line is the result of regression analysis of 
data at doses greater than 300 rads. Error bars represent one 
standard error. 



eter) with 10-cm range modulation that has 
been used for fractionated therapy of cancer 
patients.^® The two systems are analogous; 
only the former will be described here. All 
dose measurements were made with a minia- 
ture silicon diode. The diode was calibrated ab- 
solutely in rads against a Faraday cup which 
measures flux of protons of known energy in a 
standardized geometry. The diode was then 
mounted on a micrometer stage at the position 
where the cells were located during irradiations. 
The dose distribution was mapped in a water 
phantom and normalized to the integrated out- 
put from a transmission ion chamber mounted 
in the collimator (M, X, Fig. 3) which acted as 
the dose monitor during the irradiations. 

Proton Beam Shaping and Modulation 

The beam was brought to a focus of about 1- 
cm diameter at the first of a series of four cir- 
cular brass collimating apertures (Fig. 3), and 
then spread by a lead scatterer (9.52 g/cm^ 6 



rms ~ 3.5°). The beam was then further col 
limated to the desired size, it could be adjusted 
in penetration depth by a water-filled adjustable 
telescope (VV, Fig. 3) mounted after the defining 
aperture. The beam had some divergence at the 
target site and underwent a limited spreading 
due to multiple scattering as it penetrated. The 
uniformity across the beam was within 10% of 
the central intensity at all depths of penetration. 

A rotating range modulator, as suggested by 
Wilson/^ was used to alter the depth-dose 
characteristic of the beam, in order to achieve a 
flat distribution extending over 5 cm in water. 
The principle was that of varying the depth of 
penetration of the beam by interposing different 
thicknesses of absorber in its path, so that the 
result of integrating the temporally varying 
spatial distribution over long time periods (sec- 
onds) produced a broadened uniform axial dis- 
tribution. The range modulator we constructed 
(Fig. 4) consisted of a stack of symmetrical lucite 
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F;g. 7. Radiation survival curve for H4 cells irradiated 
with protons at various positions of the modulated proton 
beam. The Do vvas 184 rads, and the extrapolation number 
was 2.6. A, 2.2 cm (a);Q. 4.1 cm (b); A, 6.2 cm (c); 8.3 
cm (d); O. 8.9 cm (e). Letters represent positions as outlined 
on Fig. 8. Line is the result of regression analysis of data at 
doses greater than 300 rads. Broken line is the ^°Co survival 
curve. Error bars represent one standard error. 
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Fig. 8. Axial depth-dose profile. 
Ihe locations used in proton ir- 
..riiations for the results presented 
,n Kig. The apparent reduction 
in proton range presented here 
;,hen compared with Fig. 5 is due 
..^ a fixed amount of water absorber 
proximal to the ceil flask positioner. 
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plates, each with two opposing blades, mounted 
on a common motor-driven shaft (40 rpm, 1 V6 
modulation cycles per second) and situated m 
the coUimator immediately before aperture C 
i Fig- 3). The individual peaks obtained from the 
five plates and one open position were calculated 
from a measurement of the unmodulated Bragg 
peak and are plotted in Fig. 5, along with the ex- 
perimentally measured depth-dose curve M. 
The principle of superposition of individual 
peaks has been described by Koehler and 
Preston," and is verified by the dotted curve m 



Fig. 5, which is the summation of the dose dis- 
tribution from all six peaks. The amplitudes of 
the peaks required were obtained by varying the 
dwell time of the beam at a particular depth sta- 
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Fig 9. Cross-section dose profile. The dose profile ob- 
tained bv making a lateral scan of the modulated beam at 
9.8 cm ipoim e, Fig. 8). The regions a, b, c, d, and e corre- 
spond to the annuli referred to in the text and m Fig. U. 




Fic. 10. An irradiated and stained flask that has been 
divided into annuli with polar graph paper. 
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Fig. 11. Radiation survival curve for H4 cells irradiated 
with protons at various positions lateral to the beam central 
axis. The Do was 164 rads and the extrapolation number was 
3.5. O, 94% (a); A, 93% (b), 91% (c); 87% (d); □, 
75% (e). The letters in brackets represent regions included 
as shown on Fig. 9. Line is the result of regression analysis of 
data at doses greater than 300 rads. Hatched line is •°Co sur- 
vival curve. Error bars represent one standard error. 



tion, which is governed by the thickness of the 
plates. A full modulation cycle is represented by 
180° rotation of the range modulation wheel; at 
the pulsed rate of the cyclotron output (^200 
pulses/second) the plate of smallest angle 
received an average of 1 1 pulses per modulation 
cycle. The time required for a typical dose of 200 
rads was about 1 minute in this geometry, which 
could result in a local dose error of 1% due to an 
incomplete modulation cycle. Higher doses and 
longer irradiation times make this source of er- 
ror negligible except for calibration purposes, 
where multiple readings and moderate dose 
rates improve reproducibility to ^1%. The 
overall dosimetry error in absolute rads was es- 
timated to be about 3%. 

Results 

The results reported were all obtained using 
Technique 1 unless otherwise specified. The sur- 



vival curve obtained for H4 cells with ®°Co7 ravs 
is presented in Fig. 6. Figure 7 presents the 
results obtained with the modulated proton 
beam. The letters represent the various axial 
positions where the determinations were made 
These positions are outlined in Fig. 8. The 
straight line portions of the survival curves 
were determined by a least-squares regression 
analysis of the survival data at doses greater 
than 300 rads. One can readily see that there is 
no significant diflference in the survival curves 
obtained for the two different radiations used. 
The Do (inverse of the slope) for ^Co and proton 
curves were 185 and 184 rads respectively. The 
extrapolation numbers were 2.4 for ^^Co and 2.6 
for protons. 

Jesseph et al.,^° using higher-energy protons 
(2200 MeV), reported that laterally scattered 
protons might have a higher LET component. 
Such a component could lead to higher values of 
RBE at^the perimeter of the modulated beam. 
The method used here easily lent itself to deter- 
mining whether such an effect existed at lower 
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Fig. 12. Radiation sur\'ival at points distal to last max- 
imum of modulated beam for H4 cells. Curve is that ob- 
tained for porton irradiations proximal lo the last peak (Fig. 
7). points proximal to last peak, O. points distal to the 
last peak. Error t)ars represent one standard error 
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t-iKTgies. This was performed in the totlowing 
n^anner: A lateral scan of the deposited dose at a 
ai\ en point was made. The dose profile obtained 
i= presented in Fig. 9, With this information the 
irradiated area could be divided into annuli, the 
area of each annulus determined, and the 
number of cells plated into each annulus 
calculated. By counting the numbers of sur- 
vivors within each annulus and using the dose 
delivered to the center of the annuli as the dose 
absorbed in each annulus, a survival curve was 
constructed, A typical flask irradiated and then 
divided into annuli with polar graph paper is 
5hown in Fig. 10. The survival curve derived 
from data obtained in this manner is presented 
in Fig. 1 U along with the curve obtained for ax- 
ial positions. The slopes of the two curves ob- 
tained do not differ singificantly from each other 
( 2 > p > .1; t-test of slopes). However, at sur- 
vival levels between .01 and .02 one can see an 
apparent trend toward increasing RBE as one 
proceeds laterally. Additional studies are 
planned to examine this eflfect. The sharpness of 
the beam prevented obtaining meaningful re- 
sults on the periphery where the dose was less 
than 75% of the axial dose. 

Figure 12 represents cell survival on the distal 
portion of the last maximum of the modulated 
beam. The survival curve is that of cells on the 
broadened peak; the data points correspond to 
cell survival as flasks are positioned sequentially 
at more distal regions of the beam, where the at- 
tenuation of the proton beam is reducing the ab- 
sorbed dose. The closed circles represent sur- 



vival at or proximal to the last maximum. The 
open circles represent survival at points distal 
to the last maximum. The fact that these points 
fall below the survival curve demonstrates that 
distal irradiation is more eflfective in killing cells. 
The RBE for each position can be calculated 
from these data, such calculations from several 
experiments are plotted in Fig. 13. In this figure, 
the RBE values obtained are plotted as a func- 
tion of the distance from the center of the last 
Bragg peak. The open circles represent the data 
obtained with the unmodulated beam and 
Technique II, and the closed circles are the 
data obtained with the modulated beam and 
Technique I. Figure 14 shows the diflference 
observed between the dose measured physically 
and that required to produce the survival levels 
observed at those positions (biological dose). 
One can see that the "biological" Bragg peak is 
extended about 2 mm beyond the physical peak. 

Since rhost therapeutic treatments involve ex- 
posures of 200 to 300 rads, experiments were un- 
dertaken to measure the RBE of protons in this 
dose range. Measurements in this range are 
difficult, because survival changes are small 
compared to the variability in a single measure- 
ment. Figure 15 represents a composite of 102 
survival measurements with H4 cells in this dose 
range. Here the surviving fraction was plotted 
on linear coordinates for doses from 100 to 300 
rads, and least-squares regression performed. 
The hatched lines represent the 99% confidence 
interval for proton irradiations. The confidence 
interval for the proton irradiations is contained 



Fig. 13. RBE for H4 cell survival 
of protons with respect to **Co at 
various positions of the Bragg peak. 
Open circles represent results ob- 
tained with the unmodulated beam 
ipeak I, Fig. 5) using Technique II. 
Closed circles represent results ob- 
tained with the modulated beam 
using Technique I. Error bars 
represent standard error. The curve 
was drawn by eye to demonstrate 
trend. 
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Fir.. 14. Physical and biological 
Bragg peak. The closed circles 
represent the Bragg peak as deter- 
mined by physical measurement. 
The open circles represent the 
•^biological Bragg peak" (proximal 
dose required to produce observed 
survival levels of H4 cells). Error 
bars represent range of dose needed 
to produce one standard error in 
survival. 



entirely within the corresponding interval for the 
^°Co results. Similar results were obtained when 
LICH cells were used. 

Discussion 

The average of a total of 78 determinations, at 
doses greater than 300 rads and proximal to the 
last Bragg peak, yielded an RBE of 1.00 ± .01 
(standard error; standard deviation ± .08) for 
the proton beam. Analysis of 102 measurements 
indicated that the RBE at doses between 200 
and 300 is also approximately 1.0. The effect of 



the increased RBE at the distal end of the last 
Bragg peak in the modulated beam was to ex- 
tend the effect of the beam by approximately 
2mm. 

In an effort to evaluate what effect this exten- 
sion of the Bragg peak would have within the 
modulated region of the beam, a calculation was 
done using the RBE values obtained at given 
distances from the last Bragg peak. In Fig. 16 the 
solid curve represents the beam calculated from 
physical considerations only. The hatched line 
represents the beam that is constructed if each 
millimeter segment of the modulated beam is 
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Fig. 15. Radiation survival at lor- 
doses of H4 cells. O, proton irradia- 
tion; •. *^Co y-ray irradiation. 
Hatched lines represent regression 
analysis of proton data and 99% 
confidence interval for regression 
line. Solid lines represent regres- 
sion analysis of. ^°Co data and 99% 
confidence interval for regression 
line. Points represent mean survival 
value at the s^iven doses. 
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Fk;. If>. riie solid tine represents 
[hr modulated beam calculated 
from [>hysic:il considerations only, 
j hc broken line is the curve ob- 
;;iincd if RBF corrections are made 
tor individual peaks before sum- 
ming them to obtain the modulated 
beam. Note abbreviated ordinate. 
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broken down into its fractional portion of in- 
dividual beams and these are corrected for the 
KBE expected at that portion of the beam. By in- 
tegrating the area under the two curves one can 
calculate that the increase in biologically efiec- 
tive dose for the RBE corrected beam would be 
3% in the modulated region. 

In simultaneous experiments, Todd/^ using 
T-1 human kidney cells grown and irradiated on 
plastic cover slips, determined that the RBE of 
this beam was about 1.0 at all locations and at 
all doses examined. These findings are in agree- 
ment with ours. 

Our results may explain the wide range of 
values reported for the RBE of the Bragg peak 
portion of the proton beam when compared to 
the plateau region. Jung^^ demonstrated that 
protons became more effective in inactivating 
ribonuclease as they decreased in energy. This 
was attributed to an increase in LET as the 
proton energy decreased below 0.1 MeV. 
VVainson et al.^^ reported no difference in RBE 
for plateau protons and those in the ascending 
curve, but found an RBE of 1.4 in the de- 
scending portion of the curve, using survival 
of Chinese hamster cells as the endpoint. 
These same authors reported an RBE of 1.9 for 
peak vs. plateau protons for the induction of 
chromosome aberrations in Chinese hamster 



cells. Other investigators have reported dif- 
ferent values: Larsson et aL" found an RBE 
of 1.2 ± 0,2 for Bragg peak vs. plateau protons 
using chromosome aberrations in root tips of .4/- 
lium cepa as the endpoint, and Sweet et al^^ found 
an increasing RBE for brain lesions in cebus 
monkeys as one proceeded distally along the 
descending portion of the Bragg peak. On the 
other hand, Shmakova and Yarmoneko,^^ using 
mouse bone marrow and tumor cell degenera- 
tion, reported no difference in the effects of 
Bragg peak or plateau protons (RBE = 1.0). It 
would thus appear that the RBE of protons in 
the Bragg peak when compared to those in the 
plateau is a function of the endpoint chosen to 
measure the effect. The present findings would 
also indicate that it is a function of position on 
the Bragg peak, in accord with the findings of 
Larsson and Kihlman." 

In summary, our results suggest that no unex- 
pected RBE effects are likely to be seen in 
therapeutic use of a modulated proton beam, 
and that the experience gained in clinical use of 
^**Co 7 rays should have direct application in 
treatment planning using a beam of modulated 
protons. One should, however, be aware of the 
biological extension of the peak in those applica- 
tions where exact positioning of the end of the 
beam is required. 
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ABSTRACT Chromosomal DNA is considered a priori to 
be a target for the induction of numerical (whole chromosome) 
aneuploidy in mitotic cells. If true, DNA repair would be 
expected to contribute to genome stability. One type of repair 
that appears to play an important role in the response of many 
organisms to DNA-damaging agents involves recombination. 
Using the yeast Saccharomyces cerevisiae containing a pair of 
DNA divergent (homoeologous) chromosomes, we have been 
able to determine the importance of recombinational repair of 
DNA damage in the maintenance of chromosome number. 
Specifically, the induction of aneuploidy by ionizing radiation 
has been examined in diploids that had one chromosome III 
replaced by a divergent chromosome from Saccharomyces 
carlsbergensis. The chromosomes are functionally equivalent 
but lack precise DNA homology over one-half their length. The 
absence of homology, and thus the opportunity for recombi- 
national repair (presumably of DNA double-strand breaks) ui 
the divergent chromosomes, results in high levels (5-10%) of 
aneuploidy for chromosome III at doses of radiation resulting 
in almost no kiUing. For homologous chromosomes, the fre- 
quency of loss is 20-50 times lower. 



Chromosomal segregation in mitotically growing cells is an 
accurate process with an error frequency that varies from 
approximately 10"^ to 10"'* per chromosome in human cells 
to as low as 10^^ in yeast (summarized in ref. 1). While much 
of the segregation apparatus is expected to be a target for 
aneuploidy induction, there is a paucity of information about 
processes leading to aneuploidy or the mechanisms of action 
by reported aneuploidogens (1). Evidence is generally lacking 
that chromosomal DNA is a target for the induction of 
numerical (whole chromosome) aneuploidy in mitotic cells. 

In the yeast Saccharomyces cerevisiae, considerable prog- 
ress has been made in the genetic characterization of the 
segregational apparatus and systems required for chromo- 
some stability. Mutations include those affecting cell division 
cycle (2), repair and recombination (3,4), specific and general 
chromosome stability (5, 6), the centromere (summarized in 
ref. 7), topoisomerase II (8), and a-tubulin (9). We are using 
the yeast S. cerevisiae to identify the components of the 
mitotic apparatus that are targets for aneuploidy induction as 
well as the processes that lead to aneuploidy (10). 

Chromosomal DNA is a likely target for induction of 
numerical aneuploidy, and DNA repair would be expected to 
contribute to genome stability. Recombinational repair plays 
an important role in the response of many organisms.to DNA 
damage. The repair of radiation-induced double-strand 
breaks (DSBs) is an efficient process in yeast, where it occurs 
through recombination (11, 12). In this paper, we address the 
role of recombinational repair in maintaining genomic stabil- 
ity following ionizing radiation exposure and the conse- 
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quences when recombination is prevented due to lack of 
homology. 

Radiation-induced aneuploidy has been examined in S. 
cerevisiae diploids that had one chromosome III replaced by 
a divergent chromosome from the related yeast Saccharo- 
myces carlsbergensis (13). While the two chromosomes were 
functionally equivalent and exhibited the same gene order, 
the lack of precise DNA homology in half the length of a 
chromosome pair (ref. 13; see Fig. 1 and Materials and 
Methods) was expected to prevent recombinational repair 
processes in this region. The inability to repair ionizing 
radiation-induced DNA damage (presumably DSBs) in this 
region via recombination results in high levels of chromo- 
some loss rather than chromosome deletions or malsegrega- 
tion at nonlethal doses. 

MATERIALS AND METHODS 

Strains. Strains 230283BI-57 and 021281AI-6 are derived 
from the Cold Spring Harbor collection (Table 1). The his" 
alleles in each diploid strain are complementing (i.e., HIS^). 
Strains 300686C-2, 300686H-45, and 290986C-34U are S. 
cerevisiae haploids with chromosome III replaced by a 
divergent chromosome from 5. carlsbergensis (13). The his4 
alleles in the S, carlsbergensis chromosomes were induced 
by ethyl methane sulfonate (T.N.-T., unpublished data). The 
alleles belong to the HIS4A and the HIS4C region (T.N.-T., 
unpublished data) based on complementation patterns with 
known 5. cerevisiae his4 alleles. 

S. carlsbergensis chromosome III is functionally homolo- 
gous to chromosome III of S. cerevisiae but genetic as well 
as molecular analyses indicate that the chromosome is 
composed of two different sections (13, 14) with the left part 
being divergent from and the right part homologous to the S. 
cerevisiae chromosome (see Fig. 1). No meiotic recombina- 
tion occurs in the region from HML (near the left telomere) 
to MAT. This appears to result from nucleotide sequence 
differences in this region, as shown for four loci {HML, HIS4, 
LEU2, and MAT exhibit about 80-90% DNA homology; ref. 
14). In the region to the right of MAT, the recombination 
levels are normal for the MAT-THR4 interval and the 
molecular structure of SUP61 and HMR appears identical to 
those of 5. cerevisiae (14), 

Noncomplementing heteroallelic diploids carrying one 5. 
carlsbergensis allele and one S. cerevisiae allele exhibit 
spontaneous and ultraviolet light-induced mitotic recombi- 
nation levels that are both 100—1000 times lower than in 
similar pure S. cerevisiae strains. Since recombination is 
greatly reduced, stable diploids with complementing het- 
eroalleles can be constructed. The appearance of histidine 
auxotrophs in such diploids is likely to signal genetic events 
other than recombination. 

Growth Conditions and Irradiation. Media and growth 
procedures have been described (15). Cells were grown in 
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Strain 


Chromosome 






Genotype 








D-VG 


(5. cerevisiae) 
021281A1-6 


his4-l5 leu2 MATz thr4 


ade2 


+ 


cyh2 + uraS 




+ 


300686C-2 

(5. carlsbergensis) 


his4-S3 + MAIa + 


+ 


adel 


+ canl + 


lys2 


ura4 


D-VGG 


Same as D-VG except the strain is disomic for the S. carlsbergensis chromosome 






H-VV 


021281AI-6 


his4'l5 l€u2 MAT^i thr4 


ade2 


cyh2 


ura3 + 






230283BI-57 
(5. cerevisiae) 


his4-290 + MATa + 


+ 


+ 


+ lysl 






H-GG 


(5. carlsbergensis) 
300686H-45 

290986C-34a 

(5. carlsbergensis) 


his4-S7 + MATb 
his4-S3 + MATa 


adel 


lys2 
+ 


canl + 
+ uraS 







histidineless medium for 2-3 days. Since -95% of the cells 
lacked buds, only 5% were in the S or G2 phase of the cell 
cycle. Cells were washed with water, resuspended at 5 x 10"* 
cells per ml, and irradiated at 0°C in a Shepherd Mark I ^^^Cs 
irradiator (model 68-A) at a dose rate of 3.6 krad/min (1 rad 
= 0.01 Gy). Cells were diluted and plated to yeast 
extract/peptone/dextrose (YEPD) and grown at 30°C. Col- 
onies were replicated to the appropriate medium to determine 
genotype. 

Genetic Analysis. Standard tetrad analysis methods were 
used. To investigate whether strains expressing the MATa or 
MATa mating type were monosome or euploid for chromo- 
some III, they were crossed to appropriately marked dip- 
loids. For isolates expressing the S. carlsbergensis-spccific 
markers {his4-S3 and MATa) the tester strain was a diploid 
monosomic for chromosome III {his4-l5 leu2 MATu thr4). 
For isolates expressing the S. cerevisiae specific markers 
(his4'l5 leu2 MATa and thr4) the tester strain carried two 
copies of the S. carlsbergensis chromosomes III {his4-S3 
MATa). The resulting tetraploids were sporulated and dis- 
sected. Based on the mating characteristics of spore colonies 
from the tetrads and the segregation of the his4 and leu2 
markers, it was possible to assess whether the original 
diploids were monosome or euploid. Because homologous 
chromosomes {S. cerevisiae or S. carlsbergensis; unpub- 
lished data) preferentially disjoin in meiosis and there is no 
recombination between the linked genes HIS4, LEU2, and 
MAT, this linkage group segregates in the first meiotic 
division. 

Physical Analysis of Chromosomes. Chromosomes were 
separated according to size using pulse field gel electropho- 
resis methods (16). 



RESULTS 

Radiation-Induced Loss of Genetic Markers in Divergent vs. 
Homologous Pairs of Chromosome III. In yeast, the repair of 
radiation-induced DSBs, as well as other double-strand 
damage involves recombination (11, 12), and a reduction in 
homology would be expected to reduce repair. To examine 
the consequences of reducing the opportunity for recombi- 
nation, we developed diploid strains in which all but 1 
(chromosome III) of the 16 pairs of chromosomes are 
homologous. The remaining pair is divergent (i.e., homoeol- 
ogous); one chromosome is derived from 5. carlsbergensis 
and the other is from S. cerevisiae. Nearly half of the 
chromosome III pair exhibits no or greatly reduced recom- 
bination in both meiosis and mitosis (from MAT to the left 
telomere); a high level of DNA homology exists in the other 
half (Fig. 1; see Materials and Methods; ref. 13). The system 
we developed to detect possible damage-induced genetic 
changes was based on complementing mutations in the HIS4 
locus at different functional regions of the locus (19). Loss of 
an allele results in histidine auxotrophy and can be detected 
by replica-plating colonies that arise on rich medium to 
histidineless medium. At high levels of survival, this also 
allows sectored vs. whole colony events to be discriminated. 

Exposure of the divergent chromosome III strain to non- 
lethal doses of radiation induced high frequencies of his" 
colonies. After only 5 krad, the histidine auxotroph fre- 
quency was =3%, and this increased linearly to ===20 krad 
(Table 2). The induction of his" colonies was much lower in 
homologous strains. Over 95% of the his" colonies derived 
from the divergent strain also expressed a mating-type allele. 
Nearly half were MATa and expressed leu2 and thr4; the 



DIVERGENT 



lOcM 



I 



HOMOLOGOUS 



carl. + ' 



HML 



/ / 

S4 C£ 

/ LEU2 / 




H1S4 



CEN3 



MAT 



THR4 



SUP61 



HMR 



cere, -f- 



20 kb 



^ — 



190 kb 



180 kb 



Fig. 1. The genetic maps of chromosome 111 from S. carlsbergensis (carl.) and 5. cerevisiae (cere,; summarized from refs. 17 and 13, 
respectively); dashed line, unmapped region. Lower line, physical map of the S. cerevisiae chromosome (16, 18). 
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Table 2. Induction of aneuploidy in strains that are divergent 
(D-VG) or homologous {S. cerevisiae, H-VV; S, carlsbergensis, 
H-GG) for chromosome III 



Homologous (H) 

chromosome 



divergent (D) 
strain 


Dose, 
krad 


Total 
colonies 


% 
his-* 


a 


losti 

a 


H-VV 


0 






u 


u 


H-VV 


0 






u 


U 


H-GG 


n 
u 






U 


0 


D-VG 


0 


454a 






u 




0 


1088** 


<0.1 


0 


n 
U 


D-VGG* 


0 


1118 


<'n 1 

^u. 1 


u 


u 


D-VG 


5 


303® 


2.7 


1 7 


1 n 

i.U 


D-VG 


5 


382^ 


J.J 


X.l 


7 4 

Z.4 


H-VV 


10 


414a 


O.J 


A 
U 


U.Z 


H-VV 


in 


IDZU 


u.z 


U 


0.06 


H-GG 


10 


IIDO 




U 


u 


D-VG 


10 


32P 


J.Q 


J. 4 


7 0 

z.z 


D-VG 


10 




J.H 


7 ^ 

Z.J 


Z.O 


D-VGG* 


10 


000 


9 ft 




1 0 


D-VG 


15 


424** 




J.J 


A 4 


H-VV 


20 




n 7 
u. / 


u.z 


U.Z 


H-VV 






1.1 ' 


U.liS 


0.29 


H-GG 


20 


2597 


1 0 


n 1Q 


0 1^ 


D-VG 






Q 0 


D.D 


l.y 


D-VG 


20 


39()b 


ft ft 
o.v 


7 1 


J. 4 


D-VGG* 


20 




1 7 


u 


1 A 


D-VG 


25 




111 

ii. J. 




A 1 

4.1 


H-VV 


jyj 


515 


1 1 
1.1 


0.3 


0.6 


H-VV 


30 


1047'' 


1.2 


0.1 


0.6 


H-GG 


30 


1284 


1.6 


0.16 


0.4 


D-VG 


30 


328^ 


12.5 


6.1 


5.5 


D-VG 


30 


397b 


7.8 


3.5 


2.8 


D-VGG* 


30 


382 






(4.0) 


H-VV 


40 


287® 


0 


0 


0 


H-VV 


40 


1184'' 


1.6 


0.17 


0.68 


H-GG 


40 


1148 


1.4 


0.26 


0.43 


D-VG 


40 


309 


12.3 


6.1 


5.8 


D-VG 


40 


252 


15.5 


7.5 


6.4 


D-VGG* 


40 


380 






(3.4) 



Superscripts a and b indicate two experiments done on different 
days. 

♦Frequency of total colonies that require histidine for growth. In the 
controls (0 krad), no his" colonies were detected. 

^Frequency of total colonies that are due to loss of the S. carlsber- 
gensis chromosome HI and are, therefore, his- leu- MATz thr" or 
due to loss of the 5. cerevisiae chromosome III and are, therefore, 
his- MATa. 

^Strain disomic for the S. carlsbergensis chromosome III. Results in 
parentheses correspond to the total frequency of his- colonies. 
Based on results with 10 and 20 krad, most of these are likely to be 
due to loss of the 5. cerevisiae chromosome. 

Other half expressed MATa. Since HIS4 and AfA7are located 
on either side of the centromere, the radiation efficiently 
induced aneuploidy and/or mal segregation of the S. carls- 
bergensis chromosome. As discussed below, the events are 
primarily due to chromosome loss. The lack of genetic 
markers on the S. carlsbergensis chromosome might render 
analysis of the remaining his" colonies somewhat less accu- 
rate. However, the comparable frequency of his" MATa and 
his leu MAT2i thr" colonies (Table 2) suggests that events 
involving the S. cerevisiae chromosome occur with similar 
frequency (even when there is an additional copy of the 5. 
carlsbergensis chromosome; see D-VGG in Table 2 and Fie, 
3). 

We conclude that low doses of ionizing radiation (Fig. 2) 
can be efficient inducers of chromosome loss. Few if any 
events could be explained by multiple reciprocal recombina- 
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Fig. 2. The induction by ionizing radiation of chromosome III 
aneuploidy in strains that are divergent (•), homologous 5. cerevisiae 
(o), or homologous 5. carlsbergensis (a) for chromosome III. Also 
included are results with a trisomic chromosome III strain that has 
two copies of the 5. carlsbergensis chromosome III and one copy of 
the S. cerevisiae III (o). Presented is total aneuploidy for chromo- 
some III based on the data in Table 1, The two results for the 
divergent experiment are averaged; the results for the homologous 
experiments are pooled between experiments (because of the small 

number of events). Also shown ( ) is the expected induction of 

DSBs as a function of dose (12) in a 360-kb stretch of DNA (180 kb 
X 2); this corresponds to the divergent portion of the chromosomes. 

tion events since the frequency of the his" only category is 
low (histidine auxotrophs not expressing mating type; Table 
3). Furthermore, the cells were predominantly (>95%) in the 
Gi phase of the cell cycle when irradiated, which would 
preclude the detection of reciprocal exchange events. 



Table 3. Expression of recessive markers in colonies from 
irradiated (10 and 20 krad) cells of divergent (D-VG) or 
homologous (H-VV or H-GG) strains 





Dose, 


Colonies 


% his" 


% thr- 


% ade- 


Strain 


krad 


examined 


only 


only 


only 


D-VG 


10 


971 


0.1 (D* 


0.2 (2) 


2.2 


D-VG 


20 


664 


0.2 (1) 


0.8 (5) 


4.3 


H-VV 


10 


2034 


0.1 (2) 


0.2 (4) 


2.1 


H-VV 


20 


3214 


0.6 (18) 


0.2 (7) 


3.8 


H-GG 


10 


1168 


0.4 (5) 




1,2 


H-GG 


20 


2597 


0.6 (16) 




1.4 



Among the colonies arising from unirradiated cells (see Table 2), 
none expressed the recessive markers described in this table. 
♦Numbers in parentheses correspond to the number of colonies. The 
ade~ colonies were observed from a much larger sample and 
therefore the numbers of colonies are not presented. The divergent 
strain is +/adel +/ade2\ the H-VV strain is +/ade2\ the H-GG 
strain is ^jadel. The distances to the centromere of the ADE2 and 
ADEl genes are =«65 and 5 centimorgans, respectively, which 
accounts for the differences in response between the H-VV and 
H-GG strains. 
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The chromosome III loss frequency in the homologous 
strains was 20-50 times lower than for the divergent strains 
(Fig. 2 and Table 2). Based on the data in Tables 2 and 3, the 
low level of MA Ta or MA Ta histidine auxotrophs found in the 
homologous chromosome experiments could not be ex- 
plained by recombination on both sides of the centromere. 
Thus, precise homology greatly reduces the potential for 
radiation-induced chromosome loss. 

Mechanism of Chromosome Loss. The above results could 
have arisen by nondisjunction of a sister chromatid pair 
resulting in a monosomic and a trisomic daughter cell, 
nondisjunction of pairs of sister chromatids resulting in two 
daughter cells both euploid for chromosomes III, or chro- 
mosome loss so that the progeny would only be monosomic. 
If the first hypothesis were true, the colonies containing his" 
cells should be sectored (his"/HIS^). If the second hypoth- 
esis were true, the colonies would be entirely his" but they 
would be sectored for the associated mutations on chromo- 
some III. Only 5% of the his" colonies showed evidence of 
his"/HIS^ sectors; the rest were whole his" colonies. The 
lack of sectoring is not due to a growth advantage by either 
his" or HIS"^ cells (unpublished results) or lethal sectoring, 
since nonlethal doses were used. We conclude that the 
radiation-induced appearance of his" colonies in the diver- 
gent strain is largely the result of chromosome loss in the Gi 
cells. 

Chromosome loss was examined further genetically and by 
karyotype analysis using pulse field gel electrophoresis 
methods to display chromosomes (16). Eleven his~ leu" 
MATz thr~ strains were crossed with a diploid that was 
carrying two copies of the S. carlsbergensis chromosome III 
found in strain 300686C-2. After meiosis, the tetrads con- 
tained two his" MA 7a cells and two HIS^ nonmaters {his4-l5 
and his4-S3 are complementing). Since all the cells were also 
LEU^ and THR^, the tested strains were monosomic for 
chromosome III, presumably from S. cerevisiae. This was 
confirmed by pulse field gel electrophoresis analysis (Fig. 3, 
lanes 6 and 7; unpublished data; the intensity of the chro- 
mosome III band was approximately half that of the chro- 
mosome VI band). Thus, when the S, cerevisiae chromosome 
is retained, the radiation-induced loss of a divergent chro- 
mosome results in monosomy. 

When the 5. carlsbergensis chromosome III is retained, 
the situation is somewhat different. Nine his" LEU^ MATa 
THR+ isolates were tested genetically by crossing to a diploid 
monosomic for a his" S, cerevisiae chromosome III. Four 
produced tetrads containing only his" spores of either MATa 
or MATa mating types and were monosomic for chromosome 
III. The remaining five strains were euploid for chromosome 
III since they yielded tetrads in which HlS^/his" segregated 
2:2 and the HIS^ strains were nonmaters. Pulse field gel 
electrophoresis analysis confirmed euploidy for three strains 
in Fig. 3 Oanes 8-10). The intensity of the 5. carlsbergensis 
chromosome III band approximately equals the intensity of 
the chromosome VI band (migrating slightly faster than 
chromosome III). It is possible that euploidy results as a 
consequence of a secondary event following loss of the S. 
cerevisiae chromosome and is selected during clonal out- 
growth. 

Induction of Other Genetic Events. Among the his" colonies 
arising from the divergent strains after low doses, nearly all 
were associated with the appearance of other genetic markers 
(Table 3). Of 358 his" colonies recovered from all doses in 
two experiments, all but 20 could be attributed to chromo- 
some loss. Seven of the 20 were his" and 5 of these were 
examined with the pulse field gel electrophoresis system. 
Three appeared to contain a S. cerevisiae chromosome III 
with reduced mobility (one of these corresponds to lane 3 in 
Fig. 3). The other two did not exhibit chromosome rearrange- 
ments Oanes 2 and 4). The origin of the genetic change in 
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Fig. 3. Pulse field gel electrophoresis analysis of chromosomal 
DNA extracted from his" haploid parents and radiation-induced his" 
isolates of strain D-VG (divergent; see Table 1). Lanes: 1, haploid 
parent 300686C-2 (5. carlsbergensis); 5, haploid parent 021281AI-6 
(5. cerevisiae); 2-4, his" (only) isolates from strain D-VG; 6 and 7, 
his" leu" MATa thr" isolates of strain D-VG; 8-10, his" MATa 
isolates of strain D-VG. The chromosomes III of the diploid parent 
D-VG migrate as expected based on the haploid parents (data not 
shown). * and o, correspond to positions of chromosome III from 5. 
cerevisiae and 5. carlsbergensis, respectively. 

these cells remains unknown; it is possible that a rare gene 
conversion may have occurred even though there is limited 
homology. Among the remaining 1? colonies, 7 could be 
explained by chromosome loss and associated recombination 
between MAT and THR4. One colony appears to have 
resulted from a break or recombinational event between 
LEU2 and the centromere. The other 5 colonies remain 
unexplained. 

While the total frequency of his" colonies was much lower 
in the homologous strains, the frequency of the "his" only" 
category among these colonies was much higher, presumably 
because of recombination. Somewhat comparable numbers 
of colonies that were only thr" occurred with both types of 
strains; they probably arose by recombination between the 
MAT and THR4 loci. 

Events on other chromosomes were similar between the 
various strains (ade~. Table 3; ura", data not shown). 
Comparable levels of homozygosis would be expected to 
occur by recombinational repair between homologous chro- 
mosomes. 

DISCUSSION 

Recombination requires sufficient homology to enable pro- 
ductive DNA interactions. We showed (13) that some chro- 
mosomes or portions of chromosomes derived from S. 
carlsbergensis would not undergo meiotic recombination 
with their S. cerevisiae counterparts because of insufficient 
DNA homology (13, 14, 20, 21), although they were func- 
tionally homologous. The repair of ionizing radiation-induced 
DSBs requires recombination either between homologous 
chromosomes (in Gi or G2) or sister chromatids (in G2; ref. 
22; summarized in ref. 23). We have shown that the reduction 
of homology that results in loss of meiotic reciprocal recom- 
bination in one-half of chromosome III has a profound effect 
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on the recovery of this chromosome after irradiation of 
mitotic cells. More than 10% of the cells lose one or the other 
copy of chromosome III. Because loss in strains that are 
homologous for chromosome III is 20-50 times less frequent 
while the survival is comparable, we conclude that the 
absence of opportunity for chromosomal interactions due to 
limited homology prevents recombinational repair of DNA 
damage, which, in turn, leads to chromosome loss. The 
unrepaired damage does not lead to the deletion of portions 
of chromosomes although a few cases of chromosome alter- 
ations have been found (cf. Fig. 3, lane 3). 

The lesions responsible for the radiation-induced aneu- 
ploidy are presumed to be DSBs; they require repair via a 
recombination mechanism. Approximately 25-50 DSBs (cor- 
responding to 20-40 krad) are efficiently repaired in loga- 
rithmically growing diploid cells (12). DSBs induced in 
stationary (Gi) cells are repaired once the cells are incubated 
in fresh nutrient medium (24). The frequency of DSBs 
induced in the divergent regions of the two chromosomes has 
been estimated from the length of the region (Fig. 1) and the 
efficiency of DSB induction (12). As shown in Fig. 2, the DSB 
frequency is within a factor of 2 of the induced aneuploidy 
frequency at low doses. The **tailing off' in aneuploidy 
induction at higher doses could be due in part to DSBs being 
induced in both chromosomes in the divergent regions, 
resulting in lethality. 

Thus unrepaired DSBs appear to have two biological 
consequences. In a rad52 mutant lacking DSB repair, they 
have a dominant lethal effect (12, 25). The dominant lethal 
effect of DSBs in rad52 mutants could result from an 
unresolved recombinational event between two chromo- 
somes (as discussed in ref. 12). Consistent with this, rad52 
has been shown to be defective in an intermediate step in 
meiotic recombination (26). We propose a second genetic 
consequence for unrepaired DSBs— namely , the induction of 
chromosome loss, when recombination is prevented by a lack 
of homology. Possible reasons for the loss include degrada- 
tion of the chromosome or inability to replicate the chromo- 
somes in the absence of a telomere. 

Previously, it was shown (3) that low radiation doses 
administered to a rad52 diploid mutant caused a large 
increase in the already high spontaneous aneuploidy levels. 
The frequency of chromosome loss far exceeded that of 
DSBs and chromosome number approached near-haploid 
levels after several generations. The mechanism involved in 
the secondary aneuploidy is not understood, but it may be 
related to the generally poor growth of rad52 mutants and the 
decrease in an essential nuclease (27, 28). We do not find 
evidence of aneuploidy for multiple chromosomes in our 
repair-proficient strains. Among the monosomic colonies for 
chromosome III, there was no increase in homozygosis for 
ade . 

There are several inferences that can be derived from the 
present observations. (/) The consequences of damage in 
nonhomologous regions is only important in Gi cells, since 
repair can occur between sister chromatids in G2 (22). (//) 
Given the efficiency of induction of aneuploidy, it may be 
possible to determine the size of the divergent region between 
two chromosomes using just one genetic marker; chromo- 
some loss should be proportional to size. {Hi) The mapping of 
genes to specific chromosomes would be greatly facilitated 
by divergent chromosomes. This approach may account for 
the ability to develop linkage maps in the yeast Pichia pinus 
(29). (/V) Other damage requiring recombinational repair may 
also lead to chromosome loss of divergent chromosomes, (v) 
It is possible that even in homologous chromosomes there 
may be small regions of relatively low homology. Damage 



induced in these regions would not be subject to recombina- 
tional repair and could thereforcrlead to aneuploidy. (v/) Our 
results may be relevant to observations with a human 
chromosome/CHO cell hybrid. Waldren et al, (30) demon- 
strated that low radiation doses efficiently induced inactiva- 
tion of a gene associated with the human chromosome. An 
alternative explanation is that the radiation damage in the 
human chromosome induced chromosome loss, possibly due 
to lack of opportunity for interaction with a homologous 
chromosome. 

We thank Jim Mason, Carl Barrett, and Craig Bennett for valuable 
comments on the manuscript. 
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Managing the 
centrosome numbers 
game: from chaos to 
stability in cancer cell 
division 



Bill R.Brinkley 



Aneuplold tumor cells can arise through multipolar mitosis caused by 
supernumerary centrosomes. Multipolar spindles, however, are antagonistic to 
cell viability. Thus, most cells derived from such an aberrant mitosis would be 
eliminated by apoptosis. A rare daughter cell, through chance acquisition of an 
appropriate chromosome complement and/or gene dosage, could survive and 
contribute to a done of aneuploid tumor cells. Survival and perpetuation of the 
done, however, requires an additional step -the resumption of mitotic stability 
through the assembly of a bipolar, not multipolar, spindle. Either selective 
inactivation of the extra centrosomes or their coalescence into two functional 
spindle poles corrects the problem of centrosome excess. Current data support 
coalescence as a mechanism for regulating the number of functional 
centrosomes in tumor cells. 



Aneuploidy - the gain or loss of one or more 
chromosomes from a diploid genome - is the most 
frequent manifestation of genomic instability in 
human cancer cells*. Proposed over a century ago as 
the principal cause of cancer^-^, the hypothesis was 
soon abandoned in favor of one based on somatic 
mutations^, with aneuploidy being relegated to an 
epiphenomenon in oncogenesis^. Recently, the 
discovery of centrosome hypertrophy or 
amplification (i.e. more than the usual one to two 
centrosomes per cell) in cells of a variety of human 
tumors, and its direct correlation with 
aneuploidy^-®. has added new fuel to an old debate 
and provided a rational mechanism for at least one 
pathway to aneuploidy in cancer cells. Thus, a 
condition that favors the overproduction of 
centrosomes could contribute directly to the 
Initiation of chromosome imbalance, through the 
formation of multipolar spindles and aberrant 
mitosis. Most cell progeny derived from such a 
defective mitosis would very likely undergo 
apoptosis, but it is reasonable to speculate that a 
daughter cell, receiving the appropriate 
chromosome complement and gene dosage, could 
survive and contribute, via clonal selection, to a 
population of aneuploid tumor cells. The survivor, 
however, must overcome the condition of centrosome 
overproduction in order to divide efficiently. 
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Successful cell division requires stable and efficient 
mitosis, a condition that almost certainly favors 
bipolar over multipolar spindles. Although a 
multipolar spindle might give rise to the progenitor 
daughter cell, it is likely that the clone of cells 
derived from that daughter would regain mitotic 
stability through a process that favored the 
assembly of bipolar, not multipolar, spindles. This 
article will comment on how centrosome 
overproduction could initiate multipolar spindles 
and mitotic Instability, causing cell transformation 
and aneuploidy, and how a surviving daughter cell 
might correct the centrosome burden and regain a 
bipolar spindle. 

Centrosomes are microtubule-organizlng centers 
The dual and opposing nature of centrosomes in 
normal mitotic cells facilitates the assembly of a 
bipolar spindle and assures equal distribution of the 
replicated genome to each daughter cell. Moreover, 
this process provides each daughter with a single 
centrosome or microtubule-organizing center 
(MTOC) on which to rebuild a significant component 
of the cytoskeleton and reinitiate the next 
centrosome replication cycle. The regulatory 
mechanism (checkpoint) that assures that 
centrosomes divide once and only once in a given cell 
cycle*** establishes a condition favoring a bipolar 
spindle assembly and mitotic stability. This process 
also assures the orderly passage of a single 
centrosome to each daughter cell in succeeding 
cell cycles. 

Presumably, mutations or ciltered expression of 
genes controlling centrosome duplication could 
abrogate the checkpoint that assures a single round 
of centrosome replication, resulting in cells that 
assemble more than the usual pair of centrosomes. 
Alternative pathways for celluleu* acquisition of 
extra centrosomes are also feasible, as discussed 
later. The supernumerary centrosomes function as 
extra MTOCs and give rise to aberrant spindles 

... a condition that favors the 
overproduction of centrosomes 
couid contribute directly to the 
initiation of chromosome 
imbalance 



assembled in response to three or more spindle 
poles. Multipolar spindles are antagonistic to cell 
viability and growth, resulting either in aborted 
mitoses or the production of daughter cells with a 
lethal genetic imbalance. The resulting mitotic • 
chaos would most certainly lead to serious loss of 
viability and cell death in a normal cell population. 
It is conceivable, however, that some cells, perhaps 
one daughter cell, might survive the chaotic phase 
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Rg. 1. Giant 'compound' centrosomes in mouse neuroblastoma cells N 115. (a) Thin-section electron 
micrograph of a call showing a targe cantrosome with numerous radiating microtubules near the 
nucleus. Bar, 1 ^m.{b) Immunofluorescence preparation stained with human autoantibodies against 
centrosomes showing multiple centrosomes coalesced into one large microtubule-organizing center 
1MT0C; circle). Bar, 10[im.(c) Electron micrograph showing numerous centrioles in the giant 
centrosome of a neuroblastoma cell. Bar, 1 \im. 

and thrive by the chance acquisition of a 
chromosome complement and gene dosage favorable 
for neoplastic growth. It is well recognized that 
tumor cells are veritable ^mitotic machines' that 
thrive on their ability to divide continuously and 
successfully during the pervasive growth of 
neoplasia. Therefore, they not only benefit from a 
more favorable gene complement, but also 
appcirently compensate for a perilous condition of 
centrosome overload that would normally produce 
multipolar spindles and cell death. It is unknown 
how cells tolerate a condition of supernumerary 
centrosomes, but achieving mitotic stability and 
survival requires a process whereby the surviving 
cell and its progeny regain a bipolar spindle in spite 
of the presence of extra centrosomes and MTOCs. 

Molecular scenarios for the origin of supernumerary 
centrosomes 

The centrosome cycle is initiated at the beginning of 
the G I phase of the cell cycle, when each new 
daughter cell receives a single centrosome. 
Subsequently, when cells progress through S phase, 
the centrosome is duplicated such that two equal but 
opposing centrosomes can split apart and, at the end 
of G2, form opposite poles of the spindle. Closer 
examination by electron microscopy (EM) reveals 



that each centrosome contains a pair of centrioles 
surrounded by an electron-dense pericentriolar 
matrix, from which a polarized array of cytoplasmic 
microtubules is assembled. Although it is still 
uncertain what, if any, role centrioles play in 
centrosome function, they do undergo their own 
replication cycle, an event closely coupled to the 
ability of the centrosome to duplicate* ^ 

The accompanying cascade of regulatory 
molecules required for centrosome replication is 
poorly defined but has recently become an active 
research endeavor. Significant players in the 
centriole duplication cycle include a family of 
serine/threonine kinases identified as cyclin- 
dependent kinases (CDKs) and aurora Ipl-like 
kinases*^ * 3. Mutational inactivation of the tumor- 
suppressor p53** *5 along with overexpression of one 
or more kinases, such as breast-tumor-amplified 
kinase (BTAK/aurora 2)»®-*7. appears to alter a 
checkpoint and initiate multiple rounds of 
centrosome replication within a single cell cycle. 
Extra centrosomes can also arise through other 
pathways, such as failure of cytokinesis, fusion of 
two or more cells, or through the fragmentation of 
one or both of the cell's centrosomes into smaller 
ectopic fragments that continue to function as 
MTOCs. Centrosome amplification has also been 
shown to result from the arrest of cells in S phase, 
uncoupling DNA replication from centrosome 
duplication*^. Regardless of the mechanism of 
origin, mitotic chaos and cell death would probably 
ensue because of the presence of multiple MTOCs 
and too many spindle poles. Surviving cells would be 
selected based on their proliferative advantage and 
their ability to manage the burden of extra 
centrosomes in the cytoplasm. Very likely, survival 
would be a rare, but nevertheless a defining, event 
for establishing viable aneuploid cell progeny 
expressing a transformed phenotype. The resulting 
tumor would sissemble mostly bipolar spindles in 
mitosis while maintaining and perpetuating an 
enlarged complement of centrosomes. centrioles 
and. possibly, acentriolar fragments. Indeed, such 
conditions have been reported in a variety of tumor 
cells Jn vitro and in vivo as discussed below. 

S u pemumerary cent rosomestn established cell lines 
and human tumor cells 

The earliest observation on centrosome abnormalities 
in tumor cell cultures came from EM and early 
immunofluorescence studies of neuroblastoma cells in 
vitro^^^. Using a newly discovered human 
autoimmune serum that specifically recognizes 
centrosomes, it was noted that N 1 1 5 mouse 
neuroblastoma cells contained unusueilly large 
centrosomes containing as many as ten or more 
centrioles per centrosome (Fig. la-c). Yet during 
mitosis, the centrosomes were arranged into two large 
spindle poles at each end of the mitotic spindle. 
Similar observations were made by Sharp etaiP, who 
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Fig. Z Two possible scenarios for the control of centrosbme amplification. Initially, centrosome 
amplification occurs by one of saveral pathways resulting in a cell with multiple cantrosomes (red 
dots), each functioning as a sita of microtubule (green) assembly. Multipolar spindles assemble In 
mitosis, resulting in daughter cells with genomic insufficiency owing to missegregation of 
chromosomes to multiple poles, a lethal condition leading to apoptosrs (large arrow indicates fate of 
most daughter cells). A rare daughter cell might receive a favorable chromosome complement 
resulting in survival and growth (small arrow).The surviving cell progresses through G1 phase, and 
the full centrosome complement is duplicated late In the S/G2phase of the cycle. As cells enter 
mitosis, bipolar spindles with two functronal spindle poles arise through either a process of 
deamplifi cation, where all but one dominant pair of centrosomes are inactivated or discarded, or a 
process in which all of the centrosomes undergo coalescence, forming two functional microtubule- 
organizing centers (MTOCs). Current data from electron microscopy favor the latter scenario. 



reported that 72% of differentiated mouse N18 
neuroblastoma cells and 80% of N 1 1 5 undifferentiated 
cells in culture contained three or more centrioles in 
each centrosome. Initially, this finding was postulated 
to be an anomaly of neuronal cells, but later it was 
concluded that it is a manifestation of centrosome 
amplification in cultured neuroblastoma cells 
(Fig. la-c). More recently, supernumerary 
centrosomes have been reported in a variety of 
different tumor cells in vitrv and in vivcF-^ and appear 
to be a consistent feature of aneuploid tumors®. 

Corralling maverick centrosomes 
How do cells control extra centrosomes and maintain 
numerical order of MTOCs during interphaise and 
mitosis? It is known that some normal diploid cells 
have the capacity to dispense with the centrioles and 
centrosomes or initiate centrosome assembly 
de novo, at various stages of their life cycles^^-^a. 
The embryos of the surf clam, Spisula, can selectively 
turn off the paternally derived centrosome and 
diminish Its ability to nucleate microtubules^^. 
Higher plant cells lack centrioles 2md distinct 



centrosomes even though they have functional 
MTOCs and assemble anastral spindles^^ ^s. Mouse 
embryo cells complete up to 1 6 cell divisions without 
centrioles and then generate new centrioles denqvo 
in subsequent cell divisions2*-22. When the proteins 
that regulate centrosome structure and duplication 
are mutated or overproduced, replication 
checkpoints are violated, creating potentially new 
MTOCs and a crisis in microtubule management. It 
is likely that cells surviving this crisis do so by one of 
two strategies: 

• by a process of 'deamplification' where all but two 
dominant centrosomes are inactivated and/or 
eliminated, thereby reverting to a more controlled 
capacity to assemble microtubules: 

• through a process where supernumerary 
centrosomes are retained but coalesced into one or 
two 'compound' MTOCs. 

Although the actual process is not yet well defined, 
most of the avadlable experimental and observational 
data favor coalescence, as discussed below. 

Figure 2 illustrates the process of 
deamplification. whereby a cell deactivates or 
discards most or all of its supernumerary - 
centrosomes, returning the cell to a state where one 
or two dominant centrosomes become the principal 
MTOCs. As already mentioned, it is well established 
that some normal eukaryotic cells can actually 
discard centrioles and regain them c/e novo during 
their life cycles; there is, however, no experimental 
or observational evidence to support this pathway in 
tumor cells. Alternatively, the hypothesis of 
coalescence, or the formation of giant 'compound' 
centrosomes (Fig. 2), is supported by several 
reportsi^2o.26.27 The clustering of multiple 
centrosomes into one or two large aggregates 
reduces the number of individual MTOCs to a 
manageable one or two per cell. Salisbury etal.^'^, 
noting the low frequency of abnormal mitosis in 
human breast cancer cells, concluded that multiple 
centrioles Ccun remain linked together, functioning 
as one large centrosome in interphase and, 
presumably, as two centrosomes in mitosis. 

Multipolar spindles persist in tumor cells and in 
other pathological tissues^®, but. as in normal 
tissues, they are probably selected against and 
removed by apoptosis unless they confer further 
selective advantage. In fact, karyotypic^s as well as 
centrosomal changes continue to occur as tumors 
progress, leading, perhaps, to even further clonal 
expansion and ultimately conversion to relatively 
stable chromosome and centrosome complements, 
as shown recently for cells in vitnP. 

Condudmg remarks 

Aneuploidy is a common feature of most humam 
cancers and probably represents an early and 
significant event in tumorigenesls. The discovery of 
centrosome amplification in most human cancer 
cells emd its one-to-one correlation with aneuploidy 
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in colorectal tumors® suggest the following 
scenario for the initiation of a transformed cell 
focus within tissue. 

• Extra centrosomes appeeir either through a 
mutation involving a component of the cell cycle 
checkpoint controlling centrosome duplication or 
other defects in the dividing cells that result in 
the acquisition of additional centrosomes. 

• Subsequently, when cells enter mitosis, the 
supernumerary centrosomes initiate the 
assembly of a multipolar spindle that causes 
mitotic failure or malsegregation of the 
replicated chromosome complement, producing 
nonviable daughter cells that are removed 

by apoptosls. 

• Out of such chaos, a reire daughter cell acquires, 
' by chance, a chromosome complement and gene 
dosage that confers survival, a mutator 
phenotype and tumorigenesis. 

• The surviving daughter cells retain mutations 
that cause and perpetuate centrosome 
hypertrophy, but are selected for their ability to 



suppress the centrosome overload by aggregating 
them into one or two MTOCs capable of 
assembling a bipolar spindle, a condition that 
favors mitotic stability and neoplastic growth. 
Thus, the centrosome overload that causes 
aneuploidy through the formation of multipolar 
spindles must be quickly corralled and coalesced 
into a manageable number of MTOCs in order to 
assure mitotic stability and perpetuation of 
transformed daughter cells. The mitotic potential of 
the neoplastic outgrowth is such that it might even 
tolerate a higher than normal burden of multipolar ' 
divisions and, through this process, further shuffle 
the genome to produce additional karyotypic 
heterogeneity. Although numerical changes in 
chromosome complements can probably arise 
through alternative pathways involving other 
components of the mitotic apparatus^, the discovery 
of centrosome hypertrophy in cancer cells resurrects 
and renews an old hypothesis for aneuploidy and 
cancer and presents a logical new direction for 
future cell research. 
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and under ordinary conditions of life, the sickle-cell allele is recessive to the 
wild-type allele of beta-globin; heterozygotes have normal health. How- 
ever, under conditions of moderate oxygen deprivation, such as one en- 
counters at high altitudes, heterozygotes may develop abdominal pain and 
bloody urine. If the heterozygote is observed at such a time, one would be 
obliged to conclude that the wild-type allele is only partially dominant. 

There have been a few reports suggesting that when a sickle-cell het- 
erozygote is subjected to extreme physiological exertion, as during an ath- 
letic contest, the exceptional demand for oxygen may lead to a sickle-cell 
crisis, occasionally with a fatal outcome. In such a case, the sickle-cell allele 
could be considered as a full dominant, but whether the presence of the 
heterozygous state was really the primary cause of the fatal or near-fatal 
response to stress, or whether sickling occurred ex post facto in the few re- 
ported cases, is a moot point. 

When the blood of a sickle-cell heterozygote is examined by electropho- 
resis under appropriate conditions, two forms of hemoglobin can be identi- 
fied; one contains wild-type beta-globin, while the other contains sickle-cell 
beta-globin. Alternatively, there is a restriction endonuclease that will cut 
the normal beta-globin gene, but wUl not cut the sickle-cell beta-globin al- 
lele at the site of the mutation. Both the protein assay and the nuclease 
assay reveal the sickle-cell allele as codominant with the normal allele. 

Genetic Diseases Rarely Show Complete Dominance 
at the Phenotypic Level 

Homozygotes for dominant genetic diseases are hard to find. That is not 
surprising, given the facts that affected heterozygotes are not numerous 
and that their abnormality often reduces the likelihood of their becoming 
parents. However, matings between heterozygotes for dominant genetic 
diseases occasionally occur, usually within an extended family. Unrelated 
heterozygotes may be brought together by the "misery loves company" 
phenomenon, known more formally as assortative mating. In either case, the 
potential for homozygous progeny exists. Pauli (1983) compiled data on a 
dozen dominant genetic diseases, where one or more matings between het- 
erozygotes were known; some examples were achondroplasia, brachy- 
dactyly, and aniridia. In every case, one or more of the children were more 
severely affected than either of the parents; some of them died in infancy. 
Several other dominant genetic diseases not covered by Pauli, such as the 
Marfan Syndrome (Chemke et al., 1984), also showed exceptionally severe 
manifestations in putative homozygotes. Although there was no formal 
proof, either by linkage analysis or molecular analysis, that the severely 
affected offspring of these heterozygote-heterozygote matings were actually 
homozygous for the mutant allele, the assumption is unlikely to have been 
universally wrong. 

Thus, for some years it appeared that complete dominance rarely or 
never applied to human genetic diseases. Then, in 1987, Wexler et al. re- 
ported on four homozygotes for Huntington Disease in the large Venezue- 
lan kindred. These were found in a family of 14 children from a mating 
between relatives, both of whom were subsequently affected with the dis- 
ease, and their genotypes were established by molecular analysis. The fas- 
cinating result of their study of this family was that the homozygotes were 
not more severely affected than their heterozygous sibs or other affected 
persons in the family. There was no apparent difference in the age of onset 
of symptoms, either. Here at last was the first well-documented case of a 
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of mutations in the same gene in different individ- 
uals. Some variable expressivity is caused by the 
fact that different mutant alleles have different ef- 
fects on the expression of the same gene, but mo- 
lecular explanations of most examples of variable 
expressivity are not yet available. 

Genomic imprinting is a process whereby 
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AB New, purified, isolated pituitary tumor transforming 

. gene (PTTG) protein (I) expressed by pituitary tumor cells and 
binding antibodies specific for PTTG is claimed. Also claimed are: 
nucleic acid (II) encoding (I) ; vectors containing (II) ; host cells 
containing the vector; oligonucleotides of at least 15 nucleotides that 
hybridize to (II) under stringent conditions; antisense oligonucleotides 
that hybridize under stringent conditions with mRNA transcribed from 
(II) ; isolated antibodies; non-human transgenic animals containing at 
least 1 non-native sequence expressing a PPTG protein; and ss 
amplification DNA primers and DNA probes containing 10-150 nucleotides 

of 

(II) . Cells are used to produce recombinant (I) , which is useful as an 
immunogen for raising antibodies and in therapy. The oligonucleotide is 
preferably labeled and used to detect, isolate and quantify 
PPTG-encoding 

DNA or its transcripts. The antisense oligonucleotides are used to 
inhibit expression of human PPTG. (II) is useful in cancer gene 
therapy. 

The transgenic animals are used as models for pituitary tumors. (44pp) 



L3 9 ANSWER 1 OF 
ACCESSION NUMBER 
DOCUMENT NUMBER: 
TITLE : 



8 MEDLINE 

2 0 003 94766 MEDLINE 
20312182 PubMed ID: 10855492 

Destruction of the securin Pdslp occurs at the 
onset of anaphase during both meiotic divisions in yeast. 
Salah S M; Nasmyth K 
SOURCE: Vienna Biocenter, Institute of Biochemistry and Molecular 
Biology, Austria. 

CHROMOSOMA, (2000) 109 (1-2) 27-34. 
Journal code: 2985138R. ISSN: 0009-5915. 
GERMANY: Germany, Federal Republic of 
Journal; Article; (JOURNAL ARTICLE) 
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AB Sister chromatid cohesion is established during DNA replication and 

depends on a multiprotein complex called cohesin. At the onset of 
anaphase 

the cohesive structures that hold sisters together must be destroyed to 
allow segregation of sisters. In the budding yeast Saccharomyces 
cerevisiae loss of sister chromatid cohesion depends on a separating 
protein (separin) called Espl. At the metaphase to anaphase transition, 
separin is activated by proteolysis of its inhibitory subunit ( 
securin) called Pdsl. This process is mediated by the anaphase 
promoting complex and an accessory protein Cdc20. In meiosis a single 
round of DNA replication is followed by two successive rounds of 
segregation. Thus loss of cohesion is spun out over two divisions. By 
studying the mechanisms that initiate anaphase in meiotic division we 
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show 



that the yeast securin Pdslp is present in meiotic nuclei and is 
destroyed at the onset of each meiotic division. We also show that 
securin destruction depends on Cdc2 0p which accumulates within 
nuclei around the time of Pdslp 's disappearance. 
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TITLE: Pituitary tumor transforming gene (PTTG) transforming 

and transactivation activity 
AUTHOR (S) : Wang, Zhiyong; Maimed, Shlomo 

CORPORATE SOURCE: Cedars -Sinai Research Institute, UCLA School of 

Medicine, Los Angeles, CA, 90048, USA 
SOURCE: Journal of Biological Chemistry (2000), 

275(11), 7459-7461 
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LANGUAGE: English 

AB Pituitary tumor transforming gene (PTTG) is a newly identified 
transforming gene, the functional mechanism of which is little 
understood. 

Computational anal, reveals a C terminus rich in Glu and Pro, a known 
characteristic of transcriptional activation domains. The authors report 
here that murine PTTG indeed possesses transactivation ability, which 
correlates highly with its transforming properties. Prol3 9, Serl59, 
Prol57-Prol58-Serl59-Prol60 (PPXP motif ) , and 
Leul 2 0 -Asp 1 2 1 - Phe 122 -Asp 123- 

Leul24 were found to be important for transactivation. Mutation to Ala 

at 

a key Prol39 residue not only disrupted the transactivation function but 
also resulted in the loss of transforming ability in NIH3T3 cells. A 
murine PTTG cDNA that encodes a variant C-terminal tail 
(Gly-Lys-Gly-Val-Arg-Ser-Asn-Gly-Cys-Lys-Asp-Leu-Val-Thr) was cloned. 
This novel PTTG is devoid of transactivation and transforming ability; 
deletion of its variant C-terminal tail restores both transactivation and 
transforming ability. These results show a high correlation between the 
transforming and transactivation functions of PTTG and also indicate that 
the novel PTTG variant may function as an endogenous competitor to 
wild- type PTTG. 

REFERENCE COUNT: 14 THERE ARE 14 CITED REFERENCES AVAILABLE FOR 

THIS 
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AUTHOR(S): Zhang, Xun; Horwitz, Gregory A. ; Prezant, Toni R. ; 

Valentini, Alberto; Nakashima, Masahiro; Bronstein, 

Marcello D.; Melmed, Shlomo 
CORPORATE SOURCE: Cedars -Sinai Research Institute, UCLA School of 
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AB Despite advances in characterizing the pathophysiol . and genetics of 
pituitary tumors, mol . mechanisms of their pathogenesis are poorly 
understood. Recently, we isolated a transforming gene [pituitary 
tumor -trans forming gene (PTTG)] from rat pituitary tumor cells. Here we 
describe the cloning of human PTTG, which is located on chromosome 5q33 
and shares striking sequence homol . with its rat counterpart. Northern 
anal, revealed PTTG expression in normal adult testis, thymus, colon, 
small intestine, brain, lung, and fetal liver, but most abundant levels 

of 

PTTG mRNA were obsd. in several carcinoma cell lines. Stable 
transf ection 

of NIH 3T3 cells with human PTTG cDNA caused anchorage -independent 
transformation in vitro and induced in vivo tumor formation when 
transf ectants were injected into athymic mice. Overexpression of PTTG in 
transfected NIH 3T3 cells also stimulated expression and secretion of 
basic fibroblast growth factor, a human pituitary tumor growth-regulating 
factor. A proline-rich region, which contains two PXXP motifs for the 



SH3 



domain-binding site, was detected in the PTTG protein sequence. When 
these proline residues were changed by site-directed mutagenesis, PTTG in 
vitro transforming and in vivo tumor- inducing activity, as well as 
stimulation of basic fibroblast growth factor, was abrogated. These 
results indicate that human PTTG, a novel oncogene, may function through 
SH3 -mediated signal transduction pathways and activation of growth 
factor (s) . 
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Genomic organization and identification of an 
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Journal; Article; (JOURNAL ARTICLE) 
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The rat pituitary tumor transforming gene (PTTG) genomic 
structure was characterized in this study. Northern blot analysis showed 
that PTTG mRNA is highly expressed in testicular cell lines. 
Transfection of testicular cell lines with fusion constructs containing 
various portions of PTTG 5 '-flanking sequences linked to 
lucif erase showed that at least 745 base-pair (bp(s)) 5 '-flanking 
sequences are required for PTTG transcriptional activation. 
DNasel footprinting assays indicated that nuclear protein (s) from 
testicular cell lines interacts with PTTG 5 '-flanking sequence 
between -509 and -624 bp, including two consensus Spl binding sites. 
Western and Southwestern blot analysis showed that three nuclear proteins 
in addition to Spl protein specifically interact with this DNA sequence 
and that two of these proteins are testicular cell-specific. Deletion of 
this 115 -bp sequence from PTTG promoter resulted in complete 
loss of promoter function. Site-directed mutagenesis within the Spl 
consensus sequences indicated that the Spl binding sites are not critical 
components of the enhancer sequence for PTTG trancriptional 
activation in testicular cell lines. Finally, the 115-bp enhancer 
sequence 

was shown to be able to activate transcription from a heterologous 
promoter. These results suggest that PTTG transcriptional 
activation in testicular cell lines involves interactions of multiple 
nuclear factors with the PTTG 5' enhancer sequence. 
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Alabama at Birmingham, Birmingham, AL 35294, USA. 
CA82511 (NCI) 

GENE, (2000 May 2) 248 (1-2) 41-50. 
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In an attempt to determine the mechanism of human tumorigenesis , we have 
searched for oncogenes and recently reported the molecular cloning of a 
potent oncogene (hPTTG) from human testis. hPTTG mRNA 

is expressed at high levels in various human tumors and tumor cell lines. 
Overexpression of hPTTG in the mouse fibroblast cell line (NIH 
3T3) results in an increase in cell proliferation, induces cellular 
transformation in vitro, and promotes tumor formation in nude mice. The 
hPTTG gene isolated from the human genomic library 

consists of five exons and four introns and spans over lOkb. In the 
studies reported here, we further investigated the possibility of the 
presence of additional genes homologous to hPTTG in the human 
genome, which was first indicated by Southern blot analysis of 
the human genomic DNA and chromosomal mapping of the 
hPTTG gene using DNA from humanxhamster hybrid cell lines in PGR. 
Sequencing and restriction map analysis of the additional genomic 
clones identified two intronless genes homologous to hPTTG. This 
finding was confirmed by the chromosomal location of the second gene to 
chromosome 4pl5.1 and the third gene to chromosome 8ql3.1. Based on the 
similarity in sequences, we proposed that hPTTG be renamed ^ 
hPTTGl and the new genes be named hPTTG2 and hPTTGS . hPPTG2 was found to 
be 91% identical and hPPTGB 89% identical with hPPTGl at the amino acid 
level. Northern blot and reverse transcriptase/polymerase chain reaction 
(RT/PCR) analyses of the mRNA from various human tissues revealed 
differential expression of the hPTTG2 and hPTTG3 genes in normal and 

tumor 

tissues, suggesting that these genes may be associated with 
tumorigenesis. 
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AB A precise coordination of multiple cell cycle events is required to 
ensure 

proper mitosis. Chromosome cohesion must be maintained until all 
chromosomes are attached to opposite poles of the mitotic spindle and 
aligned at the metaphase plate. At the onset of anaphase, the activity of 
separins contributes to the release of cohesins from chromosomes, 
allowing 

for the segregation of bivalents to opposite spindle poles. Separin 
activity is blocked by binding to a class of proteins known as 
securins, whose turnover at the metaphase -to-anaphase transition 
is triggered by the Anaphase Promoting Complex or cyclosome. The mitotic 
spindle cell cycle checkpoint coordinates the timing of these events and 
acts as input mechanism for DNA damage/stress pathways. Failure of this 
precise network leads to genomic instability and/or cell death. 
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AB Drosophila PIM and THR are required for sister chromatid sepn. in mitosis 
and assoc. in vivo. Neither of these two proteins shares significant 
sequence similarity with known proteins. However, PIM has functional 
similarities with securin proteins. Like securin, PIM 

is degraded at the metaphase- to -anaphase transition and this degrdn. is 
required for sister chromatid sepn. Securin binds and inhibits 
separase, a conserved cysteine endoprotease . Proteolysis of 
securin at the metaphase-to-anaphase transition activates 
separase, which degrades a conserved cohesin subunit, thereby allowing 
sister chromatid sepn. To address whether PIM regulates separase 
activity 

or functions with THR in a distinct pathway, we have characterized a 
Drosophila separase homolog (SSE) . SSE is an unusual member of the 
separase family. SSE is only about one-third the size of other separases 
and has a diverged endoprotease domain. However, our genetic analyses 
show that SSE is essential and required for sister chromatid sepn. during 
mitosis. Moreover, we show that SSE assocs. with both PIM and THR. 
Although our work shows that separase is required for sister chromatid 
sepn. in higher eukaryotes, in addn., it also indicates that the 
regulatory proteins have diverged to a surprising degree, particularly in 
Drosophila . 
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Assignment of the human tumor transforming gene TUTRl 
to chromosome band 5q35.1 by fluorescence in situ 
hybridization 
Kakar , S . S . 
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Journal 
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We have recently clone the human tumor transforming gene (TUTRl, tumor 
transforming 1) from human testis. TUTRl gene encodes a 202-amin acid 
protein that is extremely hydrophilic and that contains a proline-rich 
domain. In this study, using polymerase chain reaction (PCR) anal, of 
genomic DNA from human-hamster somatic cell hybrids, we localized 
TUTRl to human chromosome 5. Fluorescence in situ hybridization anal, 
showed that the gene is located on human chromosome 5q35.1. 
REFERENCE COUNT: 3 THERE ARE 3 CITED REFERENCES AVAILABLE FOR THIS 

RECORD. ALL CITATIONS AVAILABLE IN THE RE 

FORMAT 



L17 ANSWER 4 OF 7 BIOSIS COPYRIGHT 2 002 BIOLOGICAL ABSTRACTS INC. 
ACCESSION NUMBER: 1999:111850 BIOSIS 
DOCUMENT NUMBER: PREV199900111850 
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AB Pituitary tumor- transforming gene (PTTG) is a recently 

characterized proto-oncogene that is expressed specifically in adult 
testis. In this study, we have used in situ hybridization and 
developmental Northern blot assays to demonstrate that PTTG mRNA 
is expressed stage-specifically in spermatocytes and spermatids during 



rat 



were 



spermatogenic cycle. We have used the yeast two-hybrid system to identify 

proteins that interact with PTTG in testicular cells. Two 

positive clones were characterized. One of the clones is the ribosomal 

protein SIO, the other encodes a novel human DnaJ homologue designated 

HS J2 . Northern blot analysis showed that testis contains higher levels of 

HSJ2 mRNA than other tissues examined, and the expression pattern of HSJ2 

mRNA in postnatal rat testis is similar to PTTG. SIO mRNA levels 

do not vary remarkably among different tissues and remains unchanged 

during testicular germ cell differentiation. In vitro binding assays 

demonstrated that both SIO and HSJ2 bind to PTTG specifically 

and that PTTG can be co-immunoprecipitated with SIO and HSJ2 

from transfected cells. Moreover, the binding sites for both proteins 

located within the C-terminal 75 amino acids of the PTTG 
protein. These results suggest that PTTG may play a role in. 
spermatogenesis . 
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As an example, to crea^^a ... Particularly , as described^Krein with 
respect to 

Figure 3, within the networkMCI Interact framework for 
producing Java applications over the Internet, there 
is provided common objects and an infrastructure 
allowing secure communications between a client... 

.traffic between the 

web server and the dispatcher via DSA encry tion; and 

enabling the dispatcher to validate all paOets 

6 

destined to internal MCI servers to ensure that they 
are from an authenticated client, and that a 
particular client has permission to communicate with a 
specific back-end server. To make this seamless for 
t e client the aforementioned set of common objects 
performs this messaging. In the , . , 

. Figure 2 , the communication path from the client and 
the server is as follows. 



The TFNM server application 840 registers remote 
objects with CORMI ' s CORemoteSessionServer (analogous 
to Java RMI ' s Registry service) and then... 

. for connections . The TFNM client applet 
initiates communication by performing a log9n through 
COClientSession object. The COClientsession creates 
COSynchTransaction (an atomic unit of work based 
... is behind 

the outer firewall 25(b)) and interfacing with StarOE 
server 39. The dispatcher server 26 validates the 
client's authorization to'logon (a process that 
involves contacting the StarOE service and generating 
a session keK with a : cookie@arltprocess ) . After 
validating t e client the dispa cher uses a... 

.select a TFNM server and then opens 

an HTTPS connection to an instance of the TFNM server 

application . On this server, the 
CORemoteSessionServer creates a new session for this 
client and records the session key. 

A reply to a logon is... the 

Enti@, rprise . Particularly, in response to a user 
login, in the preferred embodiment, a TFNM server 
application is executed. From this application , the 

8 

TFNM server instantiates a Profile Manager Java object 
which is registered with CORMI and called. . . 

•invoke further objects relating to the following: user 
profile, e.g., pref ere^nces , user security pro'files, 
@ 

e., for tracking customer entitlements7privileges 
including rights for creating or modifying specific 
TFNM routing plans or generating QUIK or IMPL orders; 
and, session management, i.e., objects which 

encapsulate the state and behavior associated. .. Particularly , as 
described herein with respect to 

Figure 2, within the networkMCI Interact framework for 
producing Java applications over the Internetr there 
is provided common objects and an infrastructure 
allowing secure communications between a client. . . 

.encrypting traffic between the web server and 



the dispatcher via DS^^^Mcryption; and enabling the 
dispatcher to validat^^all packets destined to 
internal MCI servers to ensure that they are from an 

authenticated client, and that a particular client has 
permission to communicate with a specific back-end 
server. To make this' seamless for the client, the set 
of Common objects performs this messaging. In the 
preferred embodiment ... with a drop down menu 
(not shown) presenting a section of the order types 
which can be created via their Web Browser, e.g., CPN, 
Calling Card, Dialing Plan, and ID Code Set. When the. . . 

.down menu of Figure 29(a), the user is presented 
with a web page 2725 displaying a request order window 
where the user may enter search criteria from which a 
user may select orders, or... 

.may enter the 

following search criteria: an exact order number or 
partial order number in the "order match " field 2730; 
an order type, e.g.. Calling Card, CPN, Dialing Plan, 
ID Code Set, or all... 

.or default current user ID from the 

"user ID" field 2739; and, a set of order status check 

boxes 274 0 which enabies the user to choose an order 

status, e.g., not approved, approved, complete ... gy a customer, is 

launched automatically 

when an alarm is detected. For example, if an alarm 
is generated regarding, a fiber- outage that impacts a 
customer's toll free circuit, an option allows the 
user. . . 

.number, service id, circuit id, and type of service, 
e.g., toll free or broadband. The TFNM application is 
t pically launched directly from an alarm view with 
t@e above parameters for finding the associated 
routing plan. User profile information needed b@ TFNM 
for authentication and entitlement verification efore 
actually proceeding with the alternate routing plan, 
are also passed as parameters to the TFNM application 
at the same time. 

Performance metrics 

The event monitor follows and conforms to general 
"networkMCI Interact" ""reporting. . . * 



Set Items Descript 

51 22814 RES0URCET7 LOCATOR? OR ADDRESS? OR URL OR WLS OR HYPERLINK? 

OR LINK? OR ANCHOR? OR PATH? OR NAMESPACE OR DOMAIN 

52 14669 IDENTIFY? OR DETECT? OR DETERMIN? OR RECOQNI? OR JNTERROGA- 

T? OR VERIF? OR JUDGE? OR AUTHENTICAT? OR VALIDAT? 

53 18 013 INITIAL OR FIRST OR 1ST OR LEADING OR CARDINAL OR ORIGINAL 

OR PRIMARY 

54 32715 IMAGE? OR PHOTO? OR PICTURE? OR OBJECT? OR DOCUMENT? 

55 4699 (EDIT? OR MODIF? OR CHANG? OR REVIS? OR REVAMP? OR ALTER? - 

OR UPDAT? OR REWORK? OR UP ( ) (DATING OR DATE? ?) OR ADULTERAT? 
OR CORRUPT? OR TAMPER? OR MUTATE?) {2N) (VERSION? OR EDITION? OR 
RELEASE?) 

56 522 93 OPERATION? OR FUNCTION? OR INSTRUCTION? OR EXECUTION? OR C- 

OMMAND? OR PROGRAM? OR ROUTINE? 

57 45788 GENERAT? OR REPRODUCE? OR GREAT? OR PRODUCE? OR MAKE 

58 265 (ACCESS OR AUTHENTICAT? OR VERIF? OR CERTIF? OR VALIDAT? OR 

AUTHORIZATION) (2N) (KEY OR KEYS) 

59 39628 ACCREDIT? OR VALIDATE? OR VERIFYING OR VERIFY? OR AUTHENTI- 

CAT? OR CONFIRM? OR ACTIVAT? OR TEST? OR INSPECT? OR ANALYS? - 
OR ANALYZ? OR CHECK? OR MEASURE? OR TRACK? OR MATCH? 

510 46229 REQUEST? OR APPLY OR APPLYING OR PETITION? OR ASK OR ASKING 

OR APPLICATION? OR QUER? OR INQUIR? OR QUESTION? OR REQUISIT- 
ION? 

511 0 SI AND S^2 AND (S3 (2N). S4) AND S5 

512 1 SI AND s''2 AND S3 AND S4 AND S5 

513 3 S12 AND S6 

514 0 SI mU {SI (3N) S8) AND S9 AND SIO 

515 0 RESOURCE 0 LOCATOR? AND S7 AND S8 

516 4 S12 NOT PY>2001 

517 4 S16 NOT PD>20010801 

File 256 : Sof tBase : Reviews , Companies & Prods . 82-2 003 /Nov 
(c)2003 Info. Sources Inc 
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AB Aziridinylbenzoquinone is a quinone compound capable of penetrating the 
central nervous system. It has demonstrated activity against both 
intracranial and i.p. murine tumors and human tumor 
xenographs . We have conducted a Phase I trial of 

aziridinylbenzoquinone in 60 children with advanced cancer who were 
refractory to conventional therapy. The drug was given by slow i.v. push 
on a daily schedule for 5 days every 3 to 4 weeks. The dose range 
explored 

included 6 dose levels, ranging from 6 to 12 mg/sq m daily for 5 days in 
patients with solid tumors and leukemia, and in patients with leukemia, 
20, 25, and 30 mg/sq m daily for 5 days. Myelosuppression was the 
dose-limiting side effect. In patients with solid tumor the highest dose 
studied was 12 mg/sq m, and the median nadir white blood cell and 
platelet 

counts were 0.7 X 10(3) and 6.0 X 10 ( 3 ) /microliter on Days 17 and 22, 
respectively. The median recovery day for white blood cells was 39. There 
may be some evidence of cumulative toxicity with prolonged 
thrombocytopenia. Other side effects were mild nausea, vomiting, and 
mucositis. Elevations in liver enzymes and bilirubin were transient and 
dose dependent, occurring 3 to 4 weeks after drug administration. Of the 
34 children with solid tumors, 33 were evaluable for hematopoietic 
toxicity, 3 were early deaths, and 31 receiving a total of 55 courses 

were 

evaluable for therapeutic response. Partial responses lasting 3 weeks to 



months were seen in the 4 patients with Hodgkin*s disease, and in a child 
with a metastatic spinal cord ependymoma. Fifty- two courses were given to 
9 patients with acute lymphocytic leukemia and 17 with acute 
nonlymphoblastic leukemia. Of the 15 patients with acute nonlymphoblastic 
leukemia treated at doses greater than or equal to 25 mg/sq m/day for 5 
days there was one early death and there were 2 Ml (less than or equal to 



5% blasts with normal cellularity) , 3 M2A (6 to 15% blasts), and 2 M2B 

(16 



to 39% blasts) bone marrow responses lasting 1 to 3.5 months. 
Aziridinylbenzoquinone demonstrated activity against acute nonlymphocytic 
leukemia with maximal tolerated doses of 30 mg/sq m daily for 5 days. Its 
effect in Hodgkin's disease is encouraging; however, further study will 

be 

required to determine its efficacy in central nervous system cancers. 



6 



Recommended doses for Phase II studies, using daily schedule for 5 days 

in 

children with solid tumors, is 9 mg/sq m, and in children with leukemia, 
it is 25 mg/ sq m. 
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SEVERE COMBINED IMMUNODEFICIENT SCID MICE BEARING 
HUMAN TUMOR XENOGRAPHS ARE A 

USEFUL MODEL FOR EVALUATION OF CHEMOTHERAPEUTIC REGIMENS. 
SHORTALL M; SENTZ D; MACAULEY C; AISNER D; BILELLO J; 
EISEMAN J L 

UNIV. M. D. CANCER CENT., BALTIMORE, MD . 21201. 
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Conference 
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Dual inhibition of sister chromatid separation at metaphase* 

Stemmann O, Zou H, Gerber SA, Gygi SP, Kirschner MW. 
Cell, 2001 Dec 14;107(6):715-26. 

Department of Cell Biology, Harvard Medical School, Boston, MA 
02115, USA. 

Separation of sister chromatids in anaphase is mediated by separase, 
an endopeptidase that cleaves the chromosomal cohesin SCCl. 
Separase is inhibited by securin, which is degraded at the 
metaphase-anaphase transition. Using Xenopus egg extracts, we 
demonstrate that high CDC2 activity inhibits anaphase but not securin 
degradation. We show that separase is kept inactive under these 
conditions by a mechanism independent of binding to securin. 
Mutation of a single phosphorylation site on separase relieves the 
inhibition and rescues chromatid separation in extracts with high 
CDC2 activity. Using quantitative mass spectrometry, we show that, 
in intact cells, there is complete phosphorylation of this site in 
metaphase and significant dephosphorylation in anaphase. We propose 
that separase activation at the metaphase-anaphase transition requires 
the removal of both securin and an inhibitory phosphate. 
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• Support, Non-U. S. Gov't 
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• Xenopus laevis 

Substances: 

• 0 (Cell Cycle Proteins) 

• 0 (Cyclin B) 

• 0 (Protein p34cdc2) 

• 0 (SCCl protein) 

• 0 (cyclin Bl) 

• 0 (separin) 

Grant Support: 

• GM26875-17/GM/NIGMS 

• GM39023-08/GM/NIGMS 

• HG00041/HG/NHGRI 

PMED: 1 1747808 [PubMed - indexed for MEDLINE] 

From PubMed 



Page 2 of 33 








2 oil 



2/3/02 6:10 PM 



L8 ANSWER 15 OF 20 BIOSIS COPYRIGHT 2002 BIOLOGICAL ABSTRACTS INC. 



ACCESSION NUMBER: 
DOCUMENT NUMBER: 
TITLE: ^ 
sister 

AUTHOR (5) : 
CORPORATE SOURCE: 

SOURCE: 



DOCUMENT TYPE: 
LANGUAGE : 
SUMMARY LANGUAGE: 
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Splitting the chromosome: Cutting the ties that bind 
chromatids . 

Nasmyth, Kim (1) ; Peters, Jan-Michael; Uhlmann, Frank 
(1) Research Institute of Molecular Pathology (IMP), Dr. 
Bohr-Gasse 7, A-1030, Vienna Austria 

Science (Washington D C) , (26 May, 2000) Vol. 288, No. 

5470, pp. 1379-1384. print. 

ISSN: 0036-8075. 

General Review 

English 

English 



AB 
from 



In eukaryotic cells, sister DNA molecules remain physically connected 

their production at S phase until their separation during anaphase. This 
cohesion is essential for the separation of sister chromatids to opposite 
poles of the cell at mitosis. It also permits chromosome segregation to 
take place long after duplication has been completed. Recent work has 
identified a multisubunit complex called cohesin that is essential for 
connecting sisters. Proteolytic cleavage of one of cohesin' s subunits may 
trigger sister separation at the onset of anaphase. 
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AB A precise coordination of multiple cell cycle events is required to 
ensure 

proper mitosis-. Chromosome cohesion must be maintained until all 
chromosomes are attached to opposite poles of the mitotic spindle and 
aligned at the metaphase plate. At the onset of anaphase, the activity of 
separins contributes to the release of cohesins from chromosomes, 
allowing 

for the segregation of bivalents to opposite spindle poles. Separin 
activity is blocked by binding to a class of proteins known as 
securins/ whose turnover at the metaphase-to-anaphase transition 
is triggered by the Anaphase Promoting Complex or cyclosome. The mitotic 
spindle cell cycle checkpoint coordinates the timing of these events and 
acts as input mechanism for DNA damage/stress pathways. Failure of this 
precise network leads to genomic instability and/or cell death. 
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1999340303 MEDLINE 
99340303 PubMed ID: 10411507 

Identification of a vertebrate sister-chromatid separation 
inhibitor involved in transformation and tumorigenesis . 
Comment in: Science. 1999 Jul 16;285 (5426) : 344-5 
Zou H; McGarry T J; Bernal T; Kirschner M W 
Department of Cell Biology, Harvard Medical School, 240 
Longwood Avenue, Boston, MA 02115, USA. 
GM26875 (NIGMS) 

SCIENCE, (1999 Jul 16) 285 (5426) 418-22. 
Journal code: U J7 ; 0404511. ISSN: 0036-8075. 
United States 

Journal; Article; (JOURNAL ARTICLE) 
English 

Priority Journals 
GENB7\NK-AF22042 6 
199908 

Entered STN: 19990816 
Last Updated on STN: 19990816 
Entered Medline: 19990804 
A vertebrate securin (vSecurin) was identified on the basis of 
its biochemical analogy to the Pdslp protein of budding yeast and the 
Cut2p protein of fission yeast. The vSecurin protein bound to a 
vertebrate 

homolog of yeast separins Esplp and Cutlp and was degraded by proteolysis 

mediated by an anaphase-promoting complex in a manner dependent on a 

destruction motif. Furthermore, expression of a stable Xenopus 

securin mutant protein blocked sister-chromatid separation but did 

not block the embryonic cell cycle. The vSecurin proteins share extensive 

sequence similarity with each other but show no sequence similarity to 

either of their yeast counterparts. Human securin is 

identical to the product of the gene called pituitary tumor-transforming 
gene (PTTG) , which is overexpressed in some tumors and exhibits 
transforming activity in NIH 3T3 cells. The oncogenic nature of increased 
expression of vSecurin may result from chromosome gain or loss, produced 
by errors in chromatid separation. 
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Managing the centrosome numbers game: from chaos to 
stability in cancer cell division. 
Brinkley B R 

Dept of Molecular and Cellular Biology, Baylor College of 
Medicine, 77030, Houston, TX, USA. 

TRENDS IN CELL BIOLOGY, (2001 Jan) 11 (1) 18-21. Ref: 30 
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AB Aneuploid tumor cells can arise through multipolar 

mitosis caused by supernumerary centrosomes. Multipolar spindles, 
however, 

are antagonistic to cell viability. Thus, most cells derived from such an 
aberrant mitosis would be eliminated by apoptosis. A rare 
daughter cell, through chance acquisition of an appropriate chromosome 
complement and/or gene dosage, could survive and contribute to a clone of 
aneuploid tumor cells. Survival and perpetuation of the 

clone, however, requires an additional step - the resumption of mitotic 
stability through the assembly of a bipolar, not multipolar, spindle. 
Either selective inactivation of the extra centrosomes or their 
coalescence into two functional spindle poles corrects the problem of 
centrosome excess. Current data support coalescence as a mechanism for 
regulating the number of functional centrosomes in tumor cells. 
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for cytokinesis. 

AUTHOR: Zur A; Brandeis M 

CORPORATE SOURCE: Department of Genetics, Silberman Institute of Life 

Sciences, The Hebrew University of Jerusalem, Jerusalem 
91904, Israel. 

SOURCE: EMBO JOURNAL, (2001 Feb 15) 20 (4) 792-801. 

Journal code: EMB; 8208664. ISSN: 0261-4189. 
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LANGUAGE: English 
FILE SEGMENT: Priority Journals 

ENTRY MONTH: 200104 

ENTRY DATE: Entered STN: 20010417 

Last Updated on STN: 20010417 
Entered Medline: 20010412 

AB We have studied the ubiquitination and degradation patterns of the 
human securin/PTTG protein. We show that, in contrast to 
budding yeast pdsl, securin degradation is catalyzed by both fzy 
(fizzy/cdc20) and fzr ( fizzy-related/ cdhl/hctl ) , Both fzy and fzr also 
induce the APC/C to ubiquitinate securin in vitro. 
Securin degradation is mediated by an RXXL destruction box and a 
KEN box, and is inhibited only when both sequences are mutated. 
Interestingly, the non-degradable securin mutant is also 
partially ubiquitinated by fzy and fzr in vitro. Expressing the 
non-degradable securin mutant in cells frequently resulted in 
incomplete chromatid separation and gave rise to daughter cells connected 
by a thin chromatin fiber, presumably of chromosomes that failed to split 
completely. Strikingly, the mutant securin did not prevent the 
majority of sister chromatids from separating completely, nor did it 
prevent mitotic cyclin degradation and cytokinesis. This phenotype, 
reminiscent of the fission yeast cut (cells untimely torn) phenotype, is 
reported here for the first* time in mammals. 
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Alteration of DNA ploidy status and cell proliferation 
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USA. 

CLINICAL CANCER RESEARCH, (2000 Aug) 6 (8) 3215-21. 
Journal code: C2H. ISSN: 1078-0432. 
United States 
(CLINICAL TRIAL) 

Journal; Article; (JOURNAL ARTICLE) 
English 

Priority Journals 
200012 

Entered STN: 20010322 
Last Updated on STN: 20010322 
Entered Medline: 20001228 
To identify predictors of prognosis after preoperative radiotherapy, DNA 
ploidy and cell proliferation were investigated in 116 patients with 
rectal cancer. For flow cytometry, a nuclear suspension was prepared by 
pepsin digestion of paraffin samples of biopsies taken before 
preoperative 

radiotherapy (15 x 2 Gy) and also of the resected rectal tumors after 
radiotherapy. The median follow-up period was 6 years. The proportion of 
tumor necrosis was evaluated in histological sections before and after 
irradiation. There was a significant decrease (74 to 48%) in aneuploid 
tumors after radiation. Of 86 patients with aneuploid biopsies, 28 
revealed no reduction in the proportion of aneuploid tumor 
cells [group AN (=/increase ) ] , and 58 showed a reduction (mean 
48.9%) or complete elimination of aneuploid tumor 
cells [group AN (decrease/psi) ] , The incidence of local or distal 
failure was significantly reduced in the group AN (decrease/psi ) 
(7.8%/20%), compared with the group AN (=/increase) (27%/54%) and the 
group of constant diploid tumors (n = 22; 13,6%/31.8 %; P = 0.034). There 
was a trend of decreased recurrence rate in diploid tumors with a reduced 
fraction of cells in S-phase after radiotherapy. Survival was 
significantly increased in group AN (decrease/psi) (P < 0.0001). In a 
multivariate regression analysis, variables of independent prognostic 
significance were increased proportion of necrosis after irradiation and 
DNA ploidy group and the postoperative tumor stage. These results suggest 
that alterations in tumor DNA ploidy and cell proliferation induced by 
preoperative radiotherapy might help to identify patients likely to 
benefit from preoperative radiation in rectal cancer. 
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Detection of subpopulations resistant to DNA-damaging 
agents in spheroids and murine tumours. 
Olive P L; Banath J P; Durand R E 

Medical Biophysics Department, British Columbia Cancer 
Research Centre, Vancouver, Canada.. olive@unixg . ubc . ca 
CA-37879 (NCI) 

MUTATION RESEARCH, (1997 Apr 29) 375 (2) 157-65. 
Journal code: NNA; 0400763. ISSN: 0027-5107. 
Netherlands 

Journal; Article; (JOURNAL ARTICLE) 
English 

Priority Journals 
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Entered STN: 19970724 
Last Updated on STN: 19970724 
Entered Medline: 19970717 
Chinese hamster V7 9 monolayers, V7 9 spheroids, and SCCVII murine tumours 
were examined for DNA damage using the alkaline comet assay and for cell . 
killing by measuring clonogenicity follpwing a 1-h exposure to 
doxorubicin, N-methyl-N * -nitro-N-nitrosoguanidine (MNNG) , 
4-nitroquinoline-N-oxide (4-NQO), etoposide, or 3-amino-l , 2 , 4- 
benzotriazine-1, 4-dioxide (tirapazamine) . Greater heterogeneity in DNA 
damage was evident in spheroids compared to monolayers exposed to these 
drugs, and cell survival was correlated with the fraction of cells which 
lacked sufficient DNA damage following treatment with tirapazamine or 
doxorubicin. Cell sorting experiments verified that subpopulations of 
cells resistant to DNA damage were also more resistant to cell 
killing. Significant heterogeneity was observed in cells from 
SCCVII tumours exposed to tirapazamine and etoposide, and comet DNA 
content was used to independently assess DNA damage to aneuploid 
tumour cells and diploid host cells. These results suggest that, 
for some drugs, the comet assay may be an effective method of identifying 
drug-resistant cells in solid tumours. 
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TITLE: Treatment of the blastic transformation of chronic 

granulocytic leukemia using high dose BCNU chemotherapy 

and 

cryopreserved autologous peripheral blood stem cells, 
AUTHOR: Karp D D; Parker L M; Binder N; Tantravahi R; Smith B R; 

Ervin T J; Canellos G P 
CONTRACT NUMBER: P01-CA19589 (NCI) 

SOURCE: AMERICAN JOURNAL OF HEMATOLOGY, (1985 Mar) 18 (3) 243-9. 

Journal code: 3H4; 7610369. ISSN: 0361-8609. 
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ENTRY DATE: Entered STN: 19900320 

Last Updated on STN: 19970203 
Entered Medline: 19850404 
AB Seven nonsplenectomized patients with blastic CGL have received high dose 
BCNU chemotherapy followed by cryopreserved peripheral blood stem cells 
(PBSC) . The PBSC obtained at diagnosis were stored in the vapor phase of 
liquid nitrogen in 10% dimethyl sulfoxide for 11-46 months prior to use. 
Patients received 2.9 X 10(8) (1.9-7.8) thawed washed mononuclear 
cells/kg 

over 30 minutes with minimal morbidity. One patient was not rendered 
pancytopenic and died with blastic leukemia at 4 months. One patient, 
previously treated with daily busulfan, died of progressive hepatic 
failure 2 months after high dose BCNU. Restoration of the chronic phase 



of 



CGL was observed in the remaining five patients. Peripheral blood counts 
returned to normal ranges after a median of 19 days. Median survival for 
all patients is 11 months. Cytogenetic studies revealed 
elimination of acquired aneuploid cell lines 

in four of seven patients with persistence of Phi. We conclude that: 1) 
frozen PBSC retain their viability for up to 4 years after 
cryopreservation and 2) the use of autologous PBSC following ablative 
chemotherapy may be associated with both symptomatic and karyotypic 
improvement in patients with blastic CGL. 
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TITLE: Lack of DNA homology in a pair of divergent chromosomes 

greatly sensitizes them to loss by DNA damage. 
AUTHOR: Resnick M A; Skaanild M; Nilsson-Tillgren T 

CORPORATE SOURCE: Yeast Genetics/Molecular Biology Group, National Institute 

of Environmental Health Sciences, Research Triangle Park, 
NC 27709. 

SOURCE: PROCEEDINGS OF THE NATIONAL ACADEMY OF SCIENCES OF THE 

UNITED STATES OF AMERICA, (1989 Apr) 86 (7) 2276-80. 
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AB Chromosomal DNA is considered a priori to be a target for the induction 
of 

numerical (whole chromosome) aneuploidy in mitotic cells 
. If true, DNA repair would be expected to contribute to genome 
stability. 

One type of repair that appears to play an important role in the response 
of many organisms to DNA-damaging agents involves recombination. Using 



the 



yeast Saccharomyces cerevisiae containing a pair of DNA divergent 
(homoeologous ) chromosomes, we have been able to determine the importance 
of recombinational repair of DNA damage in the maintenance of chromosome 
number. Specifically, the induction of aneuploidy by ionizing radiation 
has been examined in diploids that had one chromosome III replaced by a 
divergent chromosome from Saccharomyces carlsbergensis . The chromosomes 
are functionally equivalent but lack precise DNA homology over one-half 
their length. The absence of homology, and thus the opportunity for 
recombinational repair (presumably of DNA double-strand breaks) in the 
divergent chromosomes, results in high levels (5-10%) of aneuploidy for 
chromosome III at doses of radiation resulting in almost no 
killing. For homologous chromosomes, the frequency of loss is 
20-50 times lower. 
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Expression of Bcl-xL and loss of p53 can cooperate to 
overcome a cell cycle checkpoint induced by mitotic 
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damage. 

Minn A J; Boise L H; Thompson C B 

Gwen Knapp Center for Lupus and Immunology Research, The 
University of Chicago, Illinois 60637, USA. 
POl AI35294 (NIAID) 

GENES AND DEVELOPMENT, (1996 Oct 15) 10 (20) 2621-31. 
Journal code: FN3; 8711660. ISSN: 0890-9369. 
United States 

Journal; Article; (JOURNAL ARTICLE) 
English 

Priority Journals 
199701 

Entered STN: 19970128 

Last Updated on STN: 19970128 

Entered Medline: 19970102 

cell division, faithful chromosomal segregation must 



AB During somatic 
follow 

DNA replication to prevent aneuploidy or polyploidy. Damage to the 
mitotic 

spindle is one potential mechanism that interferes with chromosomal 
segregation. The accumulation of aneuploid or polyploid 
cells resulting from a disrupted mitotic spindle is presumably 
prevented by cell cycle checkpoint controls. In the course of studying 
cells that overexpress the apoptosis-inhibiting protein Bcl-xL, we found 
that these cells have an increased rate of spontaneous tetraploidization, 
suggesting that apoptosis may play an important role in 
eliminating cells that fail to complete mitosis properly. When 
cells expressing Bcl-xL are treated with mitotic spindle inhibitors, a 
significant percentage reinitiate DNA replication and become polyploid. 
Nevertheless, the majority of cells expressing Bcl-xL undergo a prolonged 
p53-dependent cell cycle arrest following mitotic spindle damage. 
Unexpectedly, p53 expression is not induced in mitosis, nor does it 
influence M-phase arrest. Instead, cells with mitotic spindle damage only 
transiently arrest in M phase, and despite failing to complete mitosis, 
appear to proceed to Gl. During this subsequent growth factor-dependent 
phase, p53 is induced and mediates ceil cycle arrest. In cells that do 



not 



overexpress Bcl-xL, elimination of the p53-dependent growth 
arrest with a dominant negative mutant also results in polyploidy after 
mitotic spindle damage, but under these conditions most cells die by 
apoptosis. Expression of Bcl-xL and abrogation of p53 cooperate to allow 
rapid and progressive polyploidization following mitotic spindle damage. 
Our results suggest that suppression of apoptosis by bcl-2-related genes 
and loss of p53 function can act cooperatively to contribute to genetic 
instability. 
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Radiobiological studies of a high-energy modulated proton 
beam utilizing cultured mammalian cells. 
Robertson J B; Williams J R; Schmidt R A; Little J B; 



D F; Suit H D 

CANCER, (1975 Jun) 35 (6) 1664-77. 
Journal code: CLZ; 0374236. ISSN: 0008-543X. 
United States 

Journal; Article; (JOURNAL ARTICLE) 
English 

Abridged Index Medicus Journals; Priority Journals 
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Entered STN: 19900310 
Last Updated on STN: 19900310 
Entered Medline: 19751108 
The modulated, 160-MeV proton beam produced by the Harvard Cyclotron has 
been examined in detail for its ability to kill mammalian cells 
as assayed by colony forming ability. Using two different cell exposure 
techniques, the characteristics of position and total dose in producing 
cell death in two aneuploid cell lines selected for 
their radiobiological relevance have been determined. . . 
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TITLE: CHROMOSOME ABERRATIONS INDUCED BY MONOMERIC ACRYLAMIDE IN 

BONE MARROW AND GERM CELLS OF MICE. 
AUTHOR: Shiraishi Y 

CORPORATE SOURCE: Dept. Anatomy, Kochi Medical Univ., Nangoku City, Kochi 

781-51, Japan. 

SOURCE: Mutat Res, (1978). Vol. 57, No. 3, pp. 313-324, 

ISSN: 0027-5107. 
DOCUMENT TYPE: Journal; Article; (JOURNAL ARTICLE) 
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AB The chromosomes of the marrow, spermatogonia, and primary spermatocytes 
of 

male DDY mice were examined quantitatively after the mice were treated 
with acrylamide (AA) po (500 ppm of diet for 1, 2, or 3 wk) or ip (single 
dose of 100, 150, or 200 mg/kg) . Samples were taken at various times 

after 

treatment. A comparatively high frequency of chromatid exchanges and 
breaks was induced in the spermatogonia of the 3-wk po mice only (19% vs 
2.4% in controls). However, the frequency of chromosome aberrations was 
not increased appreciably in the marrow cells of any of the mice. The 
number of mitotic cells was reduced significantly in the spermatogonia of 
all treated mice, especially 12 and 24 hr after the ip injections. Thus, 
it was not possible to examine the acute cytogenetic effects of AA on 
spermatogonia. The frequency of aneuploid and polyploid 
cells increased with time after treatment in both the marrow and 
spermatogonia cells. AA induced a significant number of chain 
quadrivalents, ring quadrivalents , fragments, and univalents in the 
primary spermatocytes, especially in ip mice. There was no noticeable 
increase in the sister chromatid exchange frequency over control levels 

in 

the marrow and spermatogonia cells. AA also reduced the testis wt 
significantly, which suggests that there is a correlation between 
AA-induced chromosome aberrations and cell killing. The findings 
of a high frequency of rearrangements and univalents in the primary 
spermatocytes is significant, but it is not known whether these 
aberrations are transmitted to the next generation. (21 Refs) 
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AUTHOR: Schultz R A; Trosko J E; Chang C C 

CORPORATE SOURCE: (c/o Trosko) Dept. Pediatrics and Human Development, Coll. 

Human Medicine, Michigan State Univ., East Lansing, MI, 
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DOCUMENT TYPE: Journal; Article; (JOURNAL ARTICLE) 

FILE SEGMENT: ICDB 
LANGUAGE: English 
ENTRY MONTH: 198204 

AB Isolation and partial characterization of several mutants of Chinese 

hamster cells, which are affected in their ability to repair DNA damage 

or 

in their sensitivity to radiation or chemical mutations, are discussed. 
Cells of a subclone of the V79 aneuploid cell line 

were mutagenized by combined treatment with 5-bromodeoxyuridine and 
blacklight, followed by UV irradiation. 3H-thymidine was incorporated in 
repair-proficient cells at high temperature (38.5 C) following UV damage. 
Cells were held in the cold (4.0 C) to induce radioactive thymidine 
killing. Repair-deficient and UV-sensitive cells which had 
survived and formed colonies at low temperature (34,0 C) were tested for 
recovery. Seventy-two surviving colonies were isolated from 2 x 10(7) 
cells plated for selection. Four colonies were selected for extensive 
study. Colony UVs-7 was slightly more sensitive to UV, but not sensitive 
to x-rays or N-acetoxy-2-acetylaminof luorene (NAc-AAF) ; this mutant 
exhibited a highly reduced level of unscheduled DNA synthesis (UDS) , as 
compared to the parental line. UVs-40 and UVs-44 line colonies were 
sensitive to UV, x-ray, N-methyl-N-nitro-N-nitrosoguanidine, and NAc-AAF, 
but exhibited normal UDS. Line UVr-23 had enhanced UDS, was resistant to 
UV, but exhibited no difference in sensitivity to x-ray or NAc-AAF. These 
four mutants are all stable, and may be useful for the study of mammalian 
DNA repair processes and mechanisms of mutagenesis. (38 Refs) 
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DNA-dependent protein kinase. 
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Departamento de Microbiologia, Facultad de Biologia, 
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NUCLEIC ACIDS RESEARCH, (2001 Mar 15) 29 (6) 1300-7. 
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Journal; Article; (JOURNAL ARTICLE) 
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Priority Journals 
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Entered STN: 20010517 
Last Updated on STN: 20010521 
Entered Medline: 20010510 
We have previously isolated the hpttg proto-oncogene, which is expressed 
in normal tissues containing proliferating cells and in several kinds of 
tumors. In fact, expression of hPTTG correlates with cell proliferation 

a cell cycle-dependent manner. Recently it was reported that PTTG is a 
vertebrate analog of the yeast securins Pdsl and Cut2, which are 
involved in sister chromatid separation. Here we show that hPTTG binds to 
Ku, the regulatory subunit of the DNA-dependent protein kinase (DNA-PK) . 
hPTTG and Ku associate both in vitro and in vivo and the DNA-PK catalytic 
subunit phosphorylates hPTTG in vitro. Furthermore, DNA double-strand 
breaks prevent hPTTG-Ku association and disrupt the hPTTG-Ku complexes, 
indicating that genome damaging events, which result in the induction of 
pathways that activate DNA repair mechanisms and halt cell cycle 
progression, might inhibit hPTTG-Ku interaction in vivo. We propose that 
hPTTG might connect DNA damage-response pathways with sister chromatid 
separation, delaying the onset of mitosis while DNA repair occurs. 
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Dominguez A; Ramos-Morales F; Romero F; Rios R M; Dreyfus 
F; Tortolero M; Pintor-Toro J A 
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Entered Medline: 19981116 
We have isolated a human cDNA clone encoding a novel protein of 
22 kDa that is a hiiman counterpart of the rat oncoprotein 
PTTG. We show that the corresponding gene (hpttg) is 
overexpressed in Jurkat cells (a human T lymphoma cell line) and 
in samples from patients with different kinds of hematopoietic 
malignancies. Analysis of the sequence showed that hPTTG has an 
amino-terminal basic domain and a carboxyl-terminal acidic domain, and 
that it is a proline-rich protein with several putative SH3-binding 

Subcellular fractionation studies show that, although hPTTG is 
mainly a cytosolic protein, it is partially localized in the nucleus. In 
addition we demonstrate that the acidic carboxyl-terminal region of 
hPTTG acts as a transactivation domain when fused to a 

heterologous DNA binding domain, both in yeast and in mammalian cells. 
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New pituitary oncogenes. 
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(1) Cedars-Sinai Research Institute, UCLA School of 
Medicine, Los Angeles, CA USA 
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AB Despite advances in characterizing the pathophysiology and genetics of 
pituitary tumors, molecular mechanisms of their pathogenesis are poorly 
understood. Recently, we isolated a transforming gene [pituitary 
tumor- transforming gene (PTTG) ] from rat 

pituitary tumor cells. Here we describe the cloning of human 
PTTG, which is located on chromosome 5q33 and shares striking 
sequence homology with its rat counterpart. Northern analysis revealed 
PTTG expression in normal adult testis, thymus, colon, small 
intestine, brain, lung, and fetal liver, but most abundant levels of 
PTTG mRNA were observed in several carcinoma cell lines. Stable 
transfection of NIH 3T3 cells with human PTTG cDNA 

caused anchorage-independent transformation in vitro and induced in vivo 
tumor formation when trans fectants were injected into athymic mice. 
Overexpression of PTTG in transfected NIH 3T3 cells also 

stimulated expression and secretion of basic fibroblast growth factor, a 

human pituitary tumor growth-regulating factor. A proline-rich 

region, which contains two PXXP motifs for the SH3 domain-binding site, 

was detected in the PTTG protein sequence. When these proline 

residues were changed by site-directed mutagenesis, PTTG in 

vitro transforming and in vivo tumor-inducing activity, as well as 

stimulation of basic fibroblast growth factor, was abrogated. These 

results indicate that human PTTG, a novel oncogene, 

may function through SH3-mediated signal transduction pathways and 
activation of growth factor (s). 
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Expression of hPTTG oncoprotein in malignant 
lymphomas . 
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Hiaman PTTG: A new proto-oncogene 
family. 

Prezant, T. R. (1); Merkel, P. (1); Kadioglu, P. (1) ; 
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AB Recently, we cloned and sequenced cDNA of a potent pituitary 
tumor transforming gene (PTTG) from 

human testis and showed that this gene is expressed highly in 

various human tumors, including tumors of the pituitary and 

adrenal glands, and the liver, kidney, endometrium, uterus, and ovary. To 

determine the genomic organization of the PTTG and its 

transcriptional regulation in tumors, we isolated the gene. The 

PTTG spans more than lOkb and contains five exons and four 

introns. Primer extension and RNA protection assays indicated a 

transcription start site at an adenine residue at 37 bases upstream of 



the 



of 



translation start site (ATG) . Analysis of the 5* flanking region of the 
gene revealed the existence of three SPl/GC boxes, three API and one AP2 
binding sequences, a cyclic AMP response element sequence, and an insulin 
response element sequence. The promoter activity of the PTTG was 
evaluated by trans fecting a human ovarian tumor cell line 

(SK0V3) and a mouse fibroblast cell line (NIH 3T3) with a chimeric fusion 
construct containing the 5' flanking sequence (nucleotide from -1336 to 
-1-34) and luciferase reporter gene (pluc 1370) . The promoter activity of 
this construct was 210-fold higher in SK0V3 and 20-fold higher in NIH 3T3 
cells than the promoterless vector. Deletion of sequences at the 5* end 

the pluc 1370 construct from nucleotide -1336 to -1157 (pluc 1190) , from 
nucleotide -1336 to -977 (pluc 1010) and from nucleotide -1336 to -707 
(pluc 740) further increased luciferase activity. Further deletion of the 
5' sequence from nucleotide -1336 to -407 (pluc 440), and from nucleotide 
-1336 to -127 (pluc 160) decreased activity by 95%. These results suggest 
that the sequence from nucleotide -126 to -1-34 is sufficient for 
PTTG promoter activity and that the sequence between nucleotide 
-7 06 and -407 contains an enhancer element. PTTG promoter 

activity was eight- to ten-fold higher in SK0V3 cells than NIH 3T3 cells, 
suggesting a basis for the tumor-specific expression of the PTTG 



. Knowledge of the genomic organization and the promoter region of the 
human tumor transforming gene will allow further studies of 
possible disorders of the PTTG as well as facilitate elucidation 
of the transcriptional control of PTTG expression in 
hiiman tumors . 
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A vertebrate securin (vSecurin) was identified on the basis of 
its biochemical analogy to the Pdslp protein of budding yeast and the 
Cut2p protein of fission yeast. The vSecurin protein bound to a 
vertebrate homolog of yeast separins Esplp and Cutlp and was degraded by 
proteolysis mediated by an anaphase-promoting complex in a manner 
dependent on a destruction motif. Furthermore, expression of a stable 
Xenopus securin mutant protein blocked sister-chromatid separation but 

not block the embryonic cell cycle. The vSecurin proteins share 
extensive sequence similarity with each other but show no sequence 
similarity to either of their yeast counterparts. Human securin 
is identical to the product of the gene called pituitary tumor- 
transforming gene (PTTG) , which is 

overexpressed in some tumors and exhibits transforming activity in NIH 

cells. The oncogenic nature of increased expression of vSecurin 

may result from chromosome gain or loss, produced by errors in chromatid 

separation . 
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AB We recently cloned a novel pituitary tumor transforming 
gene (PTTG) . Here we report PTTG expression in 

human pituitary adenomas and in normal pituitary tissue. In situ 
hybridization revealed PTTG expression in nonfunctioning and in 
GH-secreting adenomas but not in normal pituitary tissue. Using a more 
sensitive detection method, RT-PCR, low level PTTG expression 
was detected in normal pituitary. However, when expression levels in 
normal pituitary tissue were compared with those in 54 pituitary tumors 
using comparative reverse transcription polymerase chain reaction ' 
(RT-PCR) , we found that most tumor samples expressed higher levels of 
PTTG. More than 50% PTTG increases were observed in 23 

of 30 nonfunctioning pituitary tumors, all 13 GH-producing tumors, 9 of 

10 

prolactinomas, and 1 ACTH-secreting tumor, with more than 10-fold 
increases evident in some tumors. Furthermore, higher PTTG 
expression (P = 0.03) was observed in hormone-secreting tumors that had 
invaded the sphenoid bone (stages III and IV; 95% CI 3.118-9.715) 
compared 

with hormone-secreting tumors that were confined to the pituitary fossa 
(stages I and II; 95% CI 1.681-3.051). Therefore, PTTG abundance 
. is a molecular marker for invasiveness in hormone-secreting pituitary 
tumors. The ubiquitous and prevalent expression of pituitary adenoma 
PTTG suggests that PTTG plays a role in pituitary 
tumorigenesis and invasiveness. 
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Recently, a potent transforming gene which was exclusively expressed in 
rat pituitary tumor but not in normal pituitary had been isolated and 
named as pituitary tumor transforming gene ( 
PTTG) - A cDNA clone encoding human homologue of rat 
PTTG was isolated from human fetal liver cDNA library. 

It contained an open reading frame of 603 base pairs predicting a protein 
composed of 201 amino acids with a calculated molecular weight of 26 kDa. 
The deduced protein showed about 85% homology (78% identity, 7% favored 
substitution) with the rat PTTG. Northern blot analysis showed 
that the cDNA hybridized to 1.0 kb mRNA species which was expressed in 
fetal liver and several cancer cell lines. These results suggest that the 
presence of the human homologue of rat PTTG gene may 
not be restricted to pituitary tumor. 
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A novel proto-oncogene, PTTG (Pituitary Tumor 
Transforming Gene) / was isolated in our laboratory by 

virtue of its increased expression in rat pituitary tumor cell lines. 

Cells which overexpress hiaman or rat PTTG form tumors 

in athymic mice. hPTTG is highly expressed in cancer cell lines, 

pituitary adenomas and in normal testis, suggesting that hPTTG 

protein has different tissue-specific interactions in normal cells and in 

cancer. Alternatively, different hPTTG gene family members may 

be functional in normal development and in tumorigenesis . While mapping 

the chromosomal location of hPTTG to 5q33, we discovered a 

second gene, hPTTG2, which is intronless and maps to chromosome 4pl2. 

Using gene-specific oligonucleotide hybridization in a PCR-ELISA assay. 
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determined that hPTTG2 is expressed in both normal and tumorous 
pituitary. 

However, high levels of hPTTG mRNA in cancer cell lines are due 

to increased expression of hPTTGl. Thus, this family of proto-oncogenes 

appears to differentially participate in tumor-specific pathogenesis. 
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AB Pituitary tumors are commonly encountered, and result from clonal 

expansion of a single mutated cell. Hypothalamic hormones, local growth 
factors and circulating sex steroid hormones promote pituitary tumor 
growth and expansion into large invasive tumors. Estrogen acting directly 
through its receptor and by stimulation of fibroblast growth factor 
regulates prolactin synthesis and secretion. Fibroblast growth factor-2 
(bFGF) modulates angiogenesis , tumor formation and progression in many 
tissues, including the anterior pituitary. A pituitary 
tumor-derived transforming gene (PTTG) has 

been isolated, which is tumorigenic in vivo, regulates bFGF secretion. 



and 



inhibits chromatid separation. The human PTTG family 

consists of at least three homologous genes, of which PTTGl is located on 

chromosome 5q33 and is expressed at low levels in most normal 

human tissues but is highly expressed in malignant human 

cell lines and in pituitary tumors . We report here that pituitary 

pttg is regulated in vivo and in vitro by estrogen. Maximal 

induction of rat pituitary pttg mRNA in vivo occurred early in 

pituitary transformation (normal cell to hypertrophic/hyperplastic cell), 

coincident with bFGF and vascular endothelial growth factor induction and 

pituitary angiogenesis. We also demonstrate that pttg expression 

is induced by bFGF, and show concordant pttg and bFGF expression 

in experimental and hviman pituitary adenomas. As bFGF and 

estrogen both induce pttg, and pttg expression 

coincides with the early lactotrophic hyperplastic response, angiogenesis 
and prolactinoma development, we propose a previously unknown paracrine 
growth factor-mediated mechanism for pituitary tumor pathogenesis and 
potentially other estrogen-regulated tumors. 
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Pituitary tumor -trans forming gene ( 

PTTG) is a recently characterized proto-oncogene that is expressed 
specifically in adult testis. In this study, we have used in situ 
hybridization and developmental Northern blot assays to demonstrate that 
PTTG mRNA is expressed stage-specifically in spermatocytes and 
spermatids during rat spermatogenic cycle. We have used the yeast 
two-hybrid system to identify proteins that interact with PTTG 
in testicular cells. Two positive clones were characterized. One of the 
clones is the ribosomal protein SIO, the other encodes a novel 
htiman DnaJ homologue designated HSJ2. Northern blot analysis 
showed that testis contains higher levels of HSJ2 mRNA than other tissues 
examined, and the expression pattern of HSJ2 mRNA in postnatal rat testis 
is similar to PTTG. SIO mRNA levels do not vary remarkably among 
different tissues and remains unchanged during testicular germ cell 
differentiation. In vitro binding assays demonstrated that both SIO and 
HSJ2 bind to PTTG specifically and that PTTG can be 

co-immunoprecipitated with SIO and HSJ2 from transfected cells. Moreover, 
the binding sites for both proteins were located within the C-terminal 75 
amino acids of the PTTG protein. These results suggest that 
PTTG may play a role in spermatogenesis. 
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AB The role of oncogenes in pituitary tumorigenesis remains elusive since 
few 

genetic changes have been identified so far in pituitary tumors. 
Pituitary tumor- transforming gene ( 

pttg) has been recently cloned from rat GH4 pituitary tumor cells. 
We have previously isolated and characterized hpttg from 
human thymus . In the present study, we analyse the expression of 
hpttg mRNA in a series of human pituitary adenomas. We 
show that hpttg is highly expressed in the majority of pituitary 
adenomas while only very low levels of mRNA can be detected in normal 
pituitary gland by Northern blot analysis . hPTTG protein was 
immunolocalized mainly in the cytoplasm of adenoma cells. Other common 
extra-cranial malignant tumors were also analysed by 
immunohistochemistry . 

Interestingly, strong hPTTG immunoreactivity was detected in 
most adenocarcinomas of mammary and pulmonary origins. 
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AB In an attempt to determine the mechanism of human tumorigenesis , we have 
searched for oncogenes and recently reported the molecular cloning of a 
potent oncogene (hPTTG) from human testis. hPTTG mRNA 

is expressed at high levels in various human tumors and tumor cell lines. 

Overexpression of hPTTG in the mouse fibroblast cell line (NIH 

3T3) results in an increase in cell proliferation, induces cellular 

transformation in vitro, and promotes tumor formation in nude mice. The 

hPTTG gene isolated from the human genomic library consists of 

five exons and four introns and spans over lOkb. In the studies reported 

here, we further investigated the possibility of the presence of 

additional genes homologous to hPTTG in the human genome, which 

was first indicated by Southern blot analysis of the human genomic DNA 

and 

chromosomal mapping of the hPTTG gene using DNA from 

humanxhamster hybrid cell lines in PCR. Sequencing and restriction map 
analysis of the additional genomic clones identified two intronless genes 
homologous to hPTTG. This finding was confirmed by the 
chromosomal location of the second gene to chromosome 4pl5.1 and the 

third 

gene to chromosome 8ql3.1. Based on the similarity in sequences, we 
proposed that hPTTG be renamed hPTTGl and the new genes be named 
hPTTG2 and hPTTG3 . hPPTG2 was found to be 91% identical and hPPTG3 89% 
identical with hPPTGl at the amino acid level. Northern blot and reverse 
transcriptase/polymerase chain reaction (RT/PCR) analyses of the mRNA 

from 

various human tissues revealed differential expression of the hPTTG2 and 
hPTTG3 genes in normal and tumor tissues, suggesting that these genes may 
be associated with tumorigenesis. 
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We recently isolated a cDNA for hpttg, the human 
homolog of rat pituitary tumor transforming 
gene. Now we have analysed the expression of hpttg as a 
function of cell proliferation. hPTTG protein level is 
up-regulated in rapidly proliferating cells, is down-regulated in 
response 

to serum starvation or cell confluence, and is regulated in a cell 
cycle-dependent manner, peaking in mitosis. In addition, we show that 
hPTTG is phosphorylated during mitosis . Immunodepletion and in 
vitro phosphorylation experiments, together with the use of a specific 
inhibitor, indicate that Cdc2 is the kinase that phosphorylates 
hPTTG. These results suggest that hpttg is induced by, 

and may have a role in, regulatory pathways involved in the control of 
cell proliferation. 
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The pituitary transforming gene/ 

PTTG/ is abundantly expressed in endocrine neoplasms. PTTG 

has recently been recognized as a mammalian securin based on its 

biochemical homology to Pdslp. PTTG expression and intracellular 

localization were therefore studied during the cell cycle in human 

placental JEG-3 cells. PTTG mRNA and protein expressions were 

low at the Gl/S border, gradually increased during S phase, and peaked at 

G2/M, but PTTG levels were attenuated as cells entered Gl . In 

interphase cells, wild-type PTTG/ an epitope-tagged PTTG 

, and a PTTG-EGFP conjugate all localized to both the nucleus 

and cytoplasm, but in mitotic cells, PTTG was not observed in 

the chromosome region. PTTG-EGFP colocalized with mitotic 

spindles in early mitosis and was degraded in anaphase. Intracellular 

fates of PTTG-EGFP and a conjugate of EGFP and a mutant 

inactivated PTTG devoid of an SH3-binding domain were observed 

by real-time visualization of the EGFP conjugates in live cells. The same 

cells were continuously observed as they progressed from Gl/S border to 

G2/M, and Gl . Most cells (67%) expressing PTTG-EGFP died by 
apoptosis, and few cells (4%) expressing PTTG-EGFP divided, 
whereas those expressing mutant PTTG-EGFP divided. PTTG 
-EGFP, as well as the mutant PTTG-EGFP, disappeared after cells 
divided. The results show that PTTG expression and localization 
are cell cycle-dependent and demonstrate that PTTG regulates 
endocrine tumor cell division and survival. 
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AB The pituitary tumor transforming gene/ 

PTTG, is abundantly expressed in several neoplasms. We recently 
showed that PTTG overexpression is associated with apoptosis and 
therefore have now studied the role of p53 in this process. In MCF-7 
breast cancer cells that express wild type p53, PTTG 

overexpression caused apoptosis. p53 was translocated to the nuclei in 

cells expressing PTTG. Overexpression of p53, along with 

PTTG, augmented apoptosis, whereas expression of the human 

papillomavirus E6 protein inhibited PTTG-induced apoptosis. In 

MG-63 osteosarcoma cells that are deficient in p53, PTTG caused 

cell cycle arrest and subsequent apoptosis that was inhibited by caspase 

inhibitors. A proteasome inhibitor augmented PTTG expression in 

stable PTTG transf ectants , suggesting that down-regulated 

PTTG expression is required for cell survival. Finally, MG-63 

cells expressing PTTG showed signs of aneuploidy including the 

presence of micronuclei and multiple nuclei. These results indicate that 

PTTG overexpression causes p53-dependent and p53-independent 

apoptosis. In the absence of p53, PTTG causes aneuploidy. These 

results may provide a mechanism for PTTG-induced tumorigenesis 

whereby PTTG mediates aneuploidy and subsequent cell 

transformation . 
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AB Pituitary tumor transforming gene 1 (PTTGl) 

recently cloned from hiaman testis is a potent oncogene and is 
highly expressed in all the tumors analyzed to date. However, primary 
structure of PTTGl and the cell types that express PTTGl in tumors 
remained undescribed. We have used the reverse transcriptase-polymerase 
chain reaction technique to clone PTTGl from ovarian tumors. Nucleotide 
sequencing of the PTTGl cDNAs from various ovarian tumors showed identity 
with that of the human testis PTTGl. To determine the cell types 
that express PTTGl in normal and tumor tissues, we performed in situ 
hybridization using digoxigenin-labeled cRNA as a probe. Our studies 
revealed a high level of expression of PTTGl mRNA in both seminomatous 

and 

non-seminomatous testicular tumors; epithelial, sex-cord and stromal 

cell, 

and germ cell tumors of the ovary; and invasive ductal, ductal in situ 

and 

infiltrating ductal carcinoma of the breast. In normal tissues, 
expression 

of PTTGl mRNA was very low or undetectable except in testis, where PTTGl 
mRNA was found to be localized to spermatocytes and spermatids. Tumors 
that expressed high levels of PTTGl mRNA also exhibited high levels of 
expression of basic fibroblast growth factor (bFGF) , suggesting a 
correlation between PTTGl and bFGF expression, and further suggesting 

that 

the PTTGl protein may be involved in tumor angiogenesis and mitogenesis . 
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AB Pituitary tumors constitute 10% of intracranial neoplasms and are mostly 
benign, monoclonal adenomas derived from single mutant cells. Pituitary 
oncogenes have been intensively studied and three of them, gsp, ccndl, 

and 

PTTG are abundant in significant numbers of cases, gsp is present 
in approximately 40% of Caucasian patients with GH-secreting tumors and 
results from a mutated, constitutively active alpha subunit of Gs 
protein . 

Persistent activation of the cAMP~PKA~CREB pathway may lead to 
uncontrolled cell proliferation and GH secretion.' ccndl is overexpressed 
cyclin Dl, and cyclin Dl gene is amplified in some pituitary tumors. 
PTTG is expressed in most pituitary tumors. PTTG is 

localized to both the nucleus and cytoplasm and interacts with several 
protein partners. At least three tumorigenesis mechanisms are proposed 



for 



hiaman PTTG. 1) PTTG and FGF form a positive 
feedback loop and stimulate tumor vascularity. 2) PTTG 
transactivates c-myc or other pro-proliferation genes. 3) PTTG 
overexpression causes aneuploidy. PTTG expression activates p53 
and causes p53-dependent and -independent apoptosis. Due to lack of 
functional hiaman pituitary cell cultures and appropriate animal 
models for pituitary tumors, many of the results reviewed here are 
obtained from heterologous systems. 
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AB There is excellent evidence that DNA is the principal target for the 
killing of mammalian cells by ionizing radiation. Correlations 
between DNA repair systems in mammalian cells (an extremely complex 
process) and cell survival have not yet been established. Species 
differences in DNA repair mechanisms have been discovered. Chromosome 
aberrations are the chief cause of cell death in irradiated dividing 
cells. Aneuploid cell lines seem more capable of 
existing with additional aneuploidy than diploid cell 

lines . The ultimate DNA lesion that precedes a chromosome aberration is 



an 



If 



rads ) 



unrepaired double-strand break (DSB) . The frequency of unrepaired DSB in 
bacteriophage DNA increases with increasing linear energy transfer 
radiation. Unrepaired or nonrepairable DSB^s are probably of the complex 
lesion type. DNA synthesis may play a role in the formation of unrepaired 
DSB's. Many cell types are most sensitive to x-rays at the Gl/S border. 

DNA replication enhances DSB formation and fixes DNA damage, the 

probability of cell killing should be inversely proportional to 

the fraction of S phase completed; this has been observed in several cell 

types. Agents that delay the onset of the S phase are radiosensitizing 

agents. Other DNA lesions are probably also involved in cell 

killing. A high fraction of radiation-induced base damage may be 

repaired at biological radiation doses (less than or equal to 1,000 

but saturation of the base-excision repair system may play an important 
role in radiation-induced interphase death, (43 Refs) 



L19 ANSWER 14 OF 4 6 CT^iNCERLIT 
ACCESSION NUMBER: 96646899 CANCERLIT 
DOCUMENT NUMBER: 96646899 

TITLE: Detection of mitotic aneuploidy in interphase cells 

(Meeting abstract) . 

AUTHOR: Wilcox P; Presland K; Partheniou F; Wootton A; Stemp G; 

Tweats D 

CORPORATE SOURCE: Glaxo Research and Development, Ware, Herts, UK. 

SOURCE: Environ Mol Mutagen, (1995). Vol. 25, Suppl . 25, pp. 57. 

ISSN: 0893-6692. 
DOCUMENT TYPE: (MEETING ABSTRACTS) 

FILE SEGMENT: ICDB 
LANGUAGE: English 
ENTRY MONTH: 199607 

AB The use of chromosome specific centromeric probes coupled with interphase 
scoring shows promise as a practical method for detecting chemically 
induced mitotic aneuploidy in cultured cells. We are 

evaluating this approach using a human lymphoblastoid cell line (558B), 
which has a normal, male karyotype, and fluorescent centromeric probes 



for 



of 

give 
did 



an 



ch romosomes 13/21, 18 and X. The 13/21 probe is FITC labeled and is used 
with a propidium iodide counterstain . The 18 and X probes, which are used 
in combination, are labeled with CY3 and FITC, respectively, and are used 
with a DAPI counterstain. In order to provide an accurate estimate of 
spontaneous aneuploidy, assessments were made from an untreated culture, 
counting 500 or 1000 interphase cells/slide, for 4-5 slides. Results 
indicate that using the 13/21 probe approximately 15% of interphases 
appeared to be abnormal with respect to copy number of the labeled 
chromosomes, with a similar frequency of loss and gain. With the 18/X 
probes, approximately 9% of interphases were abnormal and the frequency 

specific aneuploid events was loss of 18 (5.9%), gain of 18 (1.1%), gain 
of 2 18s (0.12), loss of X (0.48), gain of X (0.9%), gain of 2 18s and X 
[polyploidy?] (0.7%). Counts based on 1000 interphase cells appear to 

an accurate estimate, as the frequency of the various aneuploid events 

not change significantly on counting an additional 1, 2, 3 or 4 thousand 
cells. The high frequency of spontaneous aneuploidy observed could be the 
results of an unstable karyotype for this transformed cell line, or could 
be due to signal artefacts associated with this method. To further 
investigate these possibilities, experiments are in progress in which 
spontaneous aneuploidy is being assessed using these probes in a large 
number of demecolcine-arrested metaphase cells, located with the aid of 

automatic metaphase finder. Analysis of metaphases should help to assess 

the frequency of * rogue * signals which are not associated with chromatin 

material. In addition, the experiment is being repeated using long-term 

primary lymphocyte cultures (stimulated with IL2 and freeze killed 

B cells) to see whether primary cells show a higher degree of karyotype 

stability. 
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AB The aim of our cell kinetic studies is to better understand the effects 
of 

chemo-endocrine therapy at the cell biological and molecular level. 
Cancer 

cell growth is characterized by uncontrolled proliferation, resulting in 
DNA distribution pattern in which, at any time, more cells are not Gl 
phase but in S, G2 and M phase of a shortened cycle. In a recent 
progress, 

flow cytometry (FCM) has become a powerful tool for the quantitative 
analysis of cell cycle parameters by measuring nuclear DNA content in 
large cell population with high speed. With the aid of FCM in earlier 

work 

about 60-80% of ovarian cancers were found to contain aneuploid 
cells. Now, multi-parameter FCM linked to a computer is available 
to measure fluorescent intensities not only no base total DNA (Propidium 
iodide) but also A-T (Hoechst 33342) and G-C (Mithramycin) base pairs in 
solid cancer nuclei. Since cisplatinum (CDDP) is the most important drug 
in the treatment of ovarian cancer, we have studied the relationship of 
CDDP cytotoxicity, pertubations cell cycle kinetis and DNA damage in 
ovarian adenocarcinoma cells in vitro & in vivo. We employed both CDDP 
sensitive cell line (KFt) and resistant cell line (KFr) derived from 

human 

serous cystoadenocarcinoma of the ovary by Kikuchi et al (JNCI 1986) . 
Comparing cell kinetic pertubations of experimental cells demonstrates a 
decrease in Gl phase cells concomitant increase in S phase cells. The KFr 
cells had distinctly a shorter S-phase block up to 24 hrs not A-T but G-C 
preference in a quick response followed repairing of DNA damage to 48 

hrs . 

However, some fractions of CDDP resistant cell population showed a later 
onset of G2, M phase accumulation. Comparison with the increase in early 



phase cells of KFr in detailed analysis suggests only those damaged cells 

that are not killed immediately may proceed to Gl phase and 

start into DNA synthesis in S phase. Measurement of labeling index (L. 



with Bromodeoxyuridine (BrdU) support our interpretation of differences 
between sensitivity and resistance to anti-cancer drug. Additionally, we 
discuss a targeting chemotherapy by coupling cytotoxic drugs with 



S 



I.) 



estrogen 



X 



based on increasing DNA damage into apoptosis and interfares with DNA 
repair process. 
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AB To investigate the mechanism and to observe the effectiveness of 

electrochemical therapy (ECT ), 33 patients of late stage cancers which 
treated by ECT were included in this study. Flow cytometry (FCM) and 
pathology were used to observe the changes of tumor cells before and 

ECT. Tumor cells of Gl, G2/M, S phases and aneuploid 
cells were found to be killed almostly and the ratio of 
apoptosis was elevated greatly after ECT. Also, pathological evidence 
proved the death of tumor cells and some characters of apoptosis. So, 
can non-selectively kill tumor cells and induce the apoptosis of 
them, and FCM was a way to evaluate the effectiveness of ECT. 



after 



ECT 
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AB Benzene, a ubiquitous environmental contaminant, has been shown to induce 
cancer in multiple organs of rodents. Therefore, benzene may be capable 

of 

inducing genomic damage in multiple somatic cell types and perhaps even 

in 

germinal cells that are led to long-term consequences. The objective of 
this study was to investigate the somatic-cell and germinal-cell damages 
in male mice after being exposed subchronically to benzene. The 
somatic-cell damages were determined by chromosome aberrations in spleen 
lymphocytes and micronuclei in normochromatic erythrocytes. The 
germinal-cell damages were determined by chromosome aberrations in 
spermatogonia and in spermatocytes of treated spermatogonia. The urinary 
metabolite pattern was also investigated to correlate the presence of 
metabolites with the genotoxicity of benzene. Four groups of 10 mice were 
given a solution of benzene (in olive oil) daily by the oral route for 2 
wk (with no treatment on days 5 and 10) , and doses were 0 (olive oil 
only), 36.6, 73.2 and 146.4 mg/kg body wt, respectively. Urine samples 
were collected for metabolite analysis every 24 hr during the treatment 
period. Blood smears (from the tail vein of each animal) were done every 
third day during treatment for micronucleus analysis. Five mice in each 
group were killed after a 2-wk treatment for aberration analyses 
in spleen lymphocytes, in spermatogonia and in derived spermatocytes. The 
rest of the mice were killed at 60 days after the treatment for 
aberration analysis in derived spermatocytes of treated spermatogonia. 
Significant dose-dependent increases in the frequencies of chromatid 
breaks and abnormal cells in lymphocytes (p less than 0.001) and in 
spermatogonia (p less' than 0.05) were observed. Micronucleus frequencies 
showed dose- and time-dependent increases (p less than 0.001). Stable 
chromosome aberrations (translocations) were detected in spermatocytes of 
treated spermatogonia (both differentiated and stem cells) . The 
spindle-fiber disruptive activity of benzene was observed as evident by 
the presence of polyploid and aneuploid cells in 

lymphocytes and in derived spermatocytes, respectively. Major metabolites 
such as phenol, catechol, hydroquinone and muconic acid were observed. 
Among the most important information from this study is the detection of 
para-benzoquinone in the urine of treated mice. The amounts of 
unconjugated para-benzoquinone, unconjugated hydroquinone and 
unconjugated 

muconic acid were highly correlated with the frequency of micronuclei. 
(Full text available from University Microfilms International, Ann Arbor, 



MI, as Order No: AAD87-12585) 



REPORTS 



Both probes hybridized to the transcripts of 
Ppla-96A [2.3 kb {26)\ and roxS [3 to 3.3 kb 
{U)] only, and no detectable differences in the 
expression of these genes betv>'een st-l and j-I 
were observed. It seems that inversion 2j nei- 
ther disrupted any transcriptional unit nor af- 
fected the expression of the closest genes, rul- 
ing out a relation between the mutational effect 
of the inversion and its adaptive value (29). 
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Identification of a Vertebrate 
Sister-Chromatid Separation 
inhibitor Involved in 
Transformation and Tumorigenesls 

Hui Zou, Thomas J. McGarry, Teresita Bernal. Marc W. Kirschner* 

A vertebrate securin (vSecurin) was identified on the basis of its biochemicat 
analogy to the Pdsip protein of budding yeast and the Cut2p protein of fission 
yeast. The vSecurin protein bound to a vertebrate homotog of yeast separins 
Esp1p and Cut1p and was degraded by proteolysis mediated by an anaphase- 
promoting complex in a manner dependent on a destruction nnotif. Further- 
more, expression of a stable Xenopus securin mutant protein blocked sister- 
chromatid separation but did not block the embryonic cell cycle. The vSecurin 
proteins share extensive sequence similarity with each other but show no 
sequence similarity to either of their yeast counterparts. Human securin is 
Identical to the product of the gene called pituitary tumor-transforming gene 
[PTTC], which Is overexpressed in some tumors and exhibits transforming 
activity in NIH 3T3 cells. The oncogenic nature of increased expression of 
vSecurin may result from chromosome gain or loss, produced by errors in 
chromatid separation. 



The metaphase to anaphase transition is the 
final discrete eveul in duplication and sepa- 
ration of the genetic material of a cell. Its 
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timing is regulated by the activation of the 
anaphase-promoting complex (APC). which 
mediates selective proteolysis of various mi- 
totic regulators {IS). Experiments with Xen- 
opus egg extracts indicated that a putative 
protein factor might exist whose degradation 
was required for the onset of sister-chroniatid 
separation (4). Proteins with such an activity 
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were subsequently found in both budding 
yeast and fission yeast, encoded by the genes 
PDSl and CUT2, respectively {5-7), Both 
proteins are APC substrates and their degra- 
dation is required for chromatid separation 
{8. 9). Pdslp and Cut2p associate with the 
yeast separin proteins Esplp and Cutlp, re- 
spectively {10, 77), and prevent the separins 
from promoting chromatid separation. Be- 
cause of their similar cell cycle functions, 
Pdslp and Cutlp are also called anaphase 
inhibitors or securins {12). 

The regulation of sister-chromatid separa- 
tion in metazoans might be similar. Unfortu- 
nately, Pdslp and Cut2p show no sequence 
similarity to each other, and currently no 
sequence in the GenBank and EST databases 
shows any similarity to either of them. The 
COOH-terminus of a putative human separin 
homolog (hESPl), found by cDNA sequenc- 
ing {}3\ has 28% identity with budding yeast 
Esplp and 30% identity with fission yeast 
Cutlp (//). There is no similarity in the 
NH2-terminus. We therefore attempted to 
identify the human securin homolog through 
its expected association with the putative hu- 
man separin. 

Antibodies to hESPl were raised to a 269- 
amino acid fragment at the COOH-temiinal 
region of hESPl {14). After affinity purifica- 
tion, the antibodies were covalently coupled to 
protein A beads (/i). Using these antibodies, 
we looked for proteins that coimmunoprecipi- 
lated with hESPl proteins that were present in 
extracts of cells in metaphase but not in extracts 
of cells in anaphase, the expected prop^erties of 



a hun\an securin homolog. These extracts were 
prepared by release of human HeLa S3 cells 
from nocodazole-induced metaphase arrest 
{16). At various times, extracts were pre- 
pared and immunoprecipitaied with anti- 
hESPl {17). Immunoprecipitated proteins 
were separated by SDS-polyacrylamide gel 
electrophoresis (PAGE) and detected by sil- 
ver staining. Among the many proteins that 
immunoprecipitated, two had apparent mo- 
lecular sizes of 28 kD (EAPl, for hESPl- 
associated protein 1) and 42 kD (EAP2, for 
hESPl -associated protein 2). Both proteins 
were present in constant amounts in extracts 
prepared at various times up to 90 min after 
removing nocodazole. Neither protein was 
present in extracts prepared 4 hours after 
release from metaphase arrest (Fig. lA). As a 
temporal control for progress through M 
phase, amounts of cyclin B 1 were monitored 
by protein imniunoblot analysis. Like EAPl 
and EAP2, cyclin Bl was stable up to 90 min 
after release but was not detected at the 
4-hour time point (Fig. lA), indicating that 
the APC-mediated proteolysis pathway be- 
came active between 90 min and 4 hours after 
release. The coincidence between the loss of 
association of EAPl and EAP2 with hESPl 
and the activation of APC suggests that EAP 1 
and EAP2 could be candidates for a human 
securin-like molecule. 

We had also isolated Xenopus APC sub- 
strates by small-pool expression cloning {18, 
19). In this approach, small pools of cDNA 
clones from a Xenopus blastula library (20) 
were translated and labeled in vitro in rabbit 



reticulocyte lysates. Each pool was divided 
and incubated in mitotic extract or interphase 
extract. The cDNA clones corresponding to 
proteins that were proteolyzed in mitotic ex- 
tract but not in interphase extract were iso- 
lated. We identified various cyclin Bs and 
geminin, an inhibitor of DNA replication de- 
graded upon exit from mitosis {19), Two 
other proteins were identified in this screen: a 
70-kD kinesin-like protein and a 25-kD pro- 
tein (p25). The primary structure of Xenopus 
p25 shares extensive similarity with a human 
protein encoded by a gene called pituitary 
tumor-transforming gene {PTTG) {21-23). 
The open reading frame of PTTG from a 
human fetal thymus cDNA library was iso- 
lated and antibody to fiill-length PTTG pro- 
tein was prepared (74). The following evi- 
dence suggested that EAPl might be identical 
to PTTG. First, in vitro translated PTTG pro- 
tein migrated with the same mobility as 
EAPl on SDS-PAGE {24). Second, PTTG 
also associated with hESPl. Endogenous 
PTfG coimmunoprecipitated with antibody 
to hESPl in HeLa cell extract as detected by 
the antibody to PTTG (Fig. IB). Endogenous 
hESPl also coimmunoprecipitated with and- 
body to the Myc tag in extracts prepared from 
293T cells transiently expressing Myc-tagged 
PTTG (Fig. iC). Furthermore, hESPl and 
PTTG from HeLa cell extracts cofractionated 
on both anionic exchange {24) and gel filtra- 
tion coluimis (Fig. ID), Thus, PTTG appears 
to be a vertebrate APC substrate that is asso- 
ciated with a vertebrate separin until activa- 
tion of the APC. Therefore, we tentatively 
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Fig. 1. Identification of an APC substrate associated with human 
EPS1. (A) Extracts were made from synchronized HeLa S3 cells. 
The time after release from nocodazole arrest is indicated in 
minutes. ESP 1 -associated proteins were coimmunoprecipitated 
with anti-hESPl. Beads were washed four times in lysis buffer and 
proteins were analyzed by SDS-PAGE. The amounts of cyclin Bl were 
determined by protein immunoblotting. (B) Immunoprecipitation with 
anti-hESP1 from extracts of HeLa S3 cells. As a control preimmune 
antiserum (lane 1) was used in parallel with anti-hESPT (lane 2). Both 
hESPl and PTTG were detected by protein immunoblotting with respec- 
tive antibodies. (C) Immunoprecipitations with antibody to the Myc tag 
(Santa Cruz) were performed in extracts prepared form 293T cells 
transfected with either Myc-tagged human PTTG (lane 2) or Myc-tagged 
Xenopus p2S (lane 1). Protein immunoblotting was performed to detect 
hESPl. We were unable to immunoprecipitate hESPl with antibody to 
full-length PTTG, presumably because the binding sites on PTTG for ESP1 
and the antibody overlap. (D) The fractions from a Superdex 200 column 
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(33) were analyzed by protein immunoblotting to detect hESPl and 
PTTG. Most of the PTTG cofractionated with hESPl at an apparent 
molecular size of -'SCO kD. Some PTTG was detected in fractions 
corresponding to -^70 kD, the same elution position of recombinant 
PTTG protein [24). (E) Sequence alignment of vertebrate securins (25), 
The h Securin h{Sec) sequence obtained in this study (74) is identical to 
that of the human PTTG (27). The sequences of mouse securin (mSec) 
and rat securin (rSec) were obtained from GenBank (accession numbers 
AF069051 and U 73030, respectively) (xSec, Xenopus securin). Amino 
acid sequence alignment was obtained with MegaAUgn (DNAStar) by the 
clustal method. Residues that are identical or conserved among all four 
proteins are shaded in black. The conserved D-box is boxed. 
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named EAPl/PTTG as hSecurin and Xenopus 
p25 as xSecurin. 

Among the vertebrate securins, se- 
quence similarity was observed throughout 
the entire sequence (Fig. IE), A conserved 
motif [RKALG(T or N)VN] (25) matches 
the destruction box (D-box) [RX(A or V or 
T)LGXXXN] shared by many APC sub- 
strates (26). The vertebrate securins share 
no sequence similarity with their yeast 
counterparts. In fact, the frog securin dis- 
plays unusual diversity from its mammalian 
homologs (about 30% identity); most other 
cell cycle proteins are more than 80% iden- 
tical in sequence. Nonetheless, there are 
conserved sequence features shared by all 
securins. All securins contain clusters of 
acidic and basic domains. The NH2-termi- 
nal half of the proteins is rich in lysine 
residues surrounding the D-box. This is 
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common for D-box -containing APC sub- 
strates, presumably because lysine is the 
residue that forms a covalent isopeptide 
linkage with ubiquitin. 

To characterize the cell cycle function of 
vertebrate securins, we determined their 
abundance at various stages of the cell cycle. 
HeLa S3 cells were synchronized by release 
from a double-thymidine block, and extracts 
were prepared during the following 1 2 hours, 
Securin was detected by anti-hSecurin as two 
closely spaced bands. The amount of securin 
begins to accumulate at the onset of S phase 
and peaks at G^-M phases in parallel with 
cyclin Bl. As expected, its level drops pre- 
cipitously when APC is activated, indicated 
by the decline of cyclin Bl (Fig. 2 A). 

Genetic studies in yeast and biochemical 
experiments in Xenopus egg extracts using 
yeast Pdslp and Cut2p suggested that Pdslp 



and Cut2p are ubiquitinated by the APC in a 
D-box-dependent manner (8, 27). To deter- 
mine whether the putative D-box of the ver- 
tebrate securin is functional, w^c mutated the 
RKAL residues to AKAA (25) by site-direct- 
ed mutagenesis. Mutated xSecurin (xSe- 
curin**"") was stable in mitotic extracts, con- 
firming that the RKAL sequence is required 
for degradation (Fig. 2B). Similar observa- 
tions were made with hSecurin [24). Further- 
more, xSecurin was stabilized in the presence 
of an excess of an NHj-terminal fragment of 
cyclin Bl that contains a D-box. However, 
the same cyclin B 1 fragment lacking a D-box 
motif did not affect the degradation of xSe- 
curin (Fig. 2C). Conversely, an excess of 
wild-type xSecurin, but not xSecurin*^'"", in- 
hibited the degradation of cyclin Bl (Fig. 
2D). Taken together, these results demon- 
strate that the abundance of xSecurin is reg- 
ulated by APC-mediated proteolysis in a D- 
box- dependent manner. 

In yeast, the securins (Pdslp and Cut2p) 
fimction as inhibitors of chromatid separa- 
tion. We therefore tested the effects of xSe- 
curin*^ on sister-chromatid separation in Xen- 
opus egg extracts {4, 28). In these experi- 
ments, we allowed extracts to go through one 
full cell cycle and observed chromatid sepa- 
ration at the following anaphase. Approxi- 
mately 1 \x\ of purified xSecurin'*'" protein 
(0.5 mg/ml) was added with Xenopus sperm 
nuclei and rhodamine tubulin to a 10-jjil por- 
tion of a freshly prepared egg extract arrested 
at a metaphase-like stage (unferrilized egg 
extract). For comparison, equal amounts of 
bovine serum albumin were added to a sep- 
arate sample of the same extract. The extracts 
were released into interphase by addition of 
calcium to allow DNA replication and then 
driven into mitosis by addition of unfertilized 
egg extract (2.5 |xl) to allow the formation of 
the metaphase spindle. To prevent chromo- 
some decondensation, which makes detection 
of the chromosomes difficult at late ana- 
phase, we also added a nondegradable cyclin 
Bl lacking the NHj-terminal 90 amino acids 
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Fig. 2. Degradation of the vertebrate homolog 
of Pdslp by APC-mediated proteolysis. (A) 
HeLa S3 cells were synchronized at the G,-S 
transition by a double-thymidine block. After 
release from arrest, extracts were prepared at 
various times up to 12 hours. The bottom two 
panels show the amounts of hSecurin and cy- 
clin Bl analyzed by protein immu no blotting. 
The top graph indicates the percentage of cells 
in the C^, S, and G^-M phase of the cell cycle at 
the corresponding time points, as determined 
by FACS analysis, (B) Both xSecurin and xSe- 
curin*^*" protein were translated in vitro in the 
presence of [^^S]methionine. A portion of the 
translation mixture (2 jjlI) was added into in- 
terphase or mitotic extracts (7 fxl) supplement- 
ed with bovine ubiquitin (10 |xg). The reaction 
was incubated at room temperature for the 
time (minutes) indicated below the autoradio- 
graph. (C) In vitro-translated xSecurin (1.5 jil) 
was added to mitotic extract (10 jxl) supple- 
mented with ubiquitin (10 |xg) and incubated 
for 15 min. As competitors, a purified Xenopus 
cydin 81 NH^-terminal fragment (amino acids 
1 to 102) and NHj-terminal fragments lacking 
the D-box (CycBI-dbA) (34) were added to the 
reaction mixture. The final concentrations of 
competitors are indicated above the autoradio- 

graph. (D) The same as in (B), except that Xenopus cyclin 81 NH^-terminal fragments were labeled 
by iodination, and xSecurin or xSecurin'*'" were used as competitors. 
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Ftg. 3. Inhibition of chroma- 
tid separation by Xenopus 
securin. Anaphase was in- 
duced in extracts in the pres- 
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^90 cyclin Bl. Photographs 
show the Hoechst 33342- 
stained chromosomes (blue) 
and rhodamine-labeled mi- 
totic spindle (red) at various 
times after metaphase re- 
lease. The percentage of 
spindles at metaphase for 
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(A90 cyclin Bl) (final concentration, 20 \ig/ 
ml). In this system, the cell cycle is arrested 
at metaphase and can be released into an- 
aphase by addition of calcium. Anaphase 
movement of chromosomes can be monitored 
by the positions of the mitotic chromosomes, 
which were detected by DNA-specific fluo- 
rescent dye. We did not observe any differ- 
ences in interphase nucleus formation, chro- 
mosome conden.sation, or nuclear envelope 
breakdown between extracts to which xSe- 
curin*^ had been added and control extracts. 
Within 10 min of the second addition of 
calcium, chromosomes in control extracts 
had begun to move to the spindle poles (5 out 
of 10 spindles). No movement was seen in 
extracts containing xSecurin**"" even after 30 
min, whereas at the same time in control 
extracts, 48% (11 out of 23) of the spindles 
were at late anaphase and 43% (1 0 out of 23) 
were at telophase (Fig. 3A). 

In budding yeast, Pdslp has been suggest- 
ed to be part of a checkpoint pathway that 
arrests the cell cycle at metaphase in the 
presence of DNA damage that occurs after G, 
(7). However, this function of Pdslp may 
reflect the unique properties of the budding 
yeast S-phase DNA damage checkpoint. Oth- 
er eukaryotes, such as fission yeast and ver- 
tebrates, arrest the cell cycle at the Gj-M 
boundary in response to DNA damage occur- 
ring after G, by inhibiting the activation of 
the CDC2 cyclin-dependenl kinase. 

To test whether xSecurin inhibits any as- 
pect of the anaphase progression other than 
chromatid separation, we performed the 
above assay with xSecurin^"^ without the ad- 
dition of A90 cyclin Bl and tested for inhi- 
bition of spindle disassembly, chromosome 
decondensation, and nuclear membrane ref- 
ormation. No chromatid separation was ob- 
served in extracts containing xSecurin'*'" up 
to 15 min after the second addition of calcium 
(eight spindles). Between 15 and 20 min after 
the second calcium addition, extracts had be- 
gun to decondense chromosomes and disas- 
semble spindles. After 25 to 30 min, inter- 
phase nuclei were detected in both extracts 
(Fig. 3B). Protein immunoblot analysis with 
antibodies to xSecurin and cyclin Bl revealed 
that cyclin B 1 is degraded in the presence of 
xSecurin'*"' (24). These data demonstrate that 
xSecurin*^'" does not interfere with assembly 
or disassembly of the spindle, with conden- 
sation or decondensation of chromosomes, or 
with breakdown or reformation of the nuclear 
envelope and thus appears not to interfere 
with the cycle of CDC2 cyclin-dependent 
kinase activation and inactivation. Instead, 
xSecurin specifically inliibits chromatid sep- 
aration in Xenopus egg extracts. It remains 
possible that the checkpoint pathway is ab- 
sent in frog embryos and that the vertebrate 
somatic cells have a checkpoint mechanism 
involving securins. 



The vertebrate securin proteins have been 
implicated in transformation and tumorigenesis, 
Overexpression of securins led to the transfor- 
mation of NIH 3T3 cells, and resulting trans- 
fomiants induced tumors when implanted into 
nude mice (22-23). In addition, expression of 
hSecurin is high in all carcinoma cell lines that 
have been tested, and in one case, the levels of 
hSecurin expression correlate with the malig- 
nancy of disease (29). The finding that a verte- 
brate securin has tumorigenic activity is some- 
what anticipated because chromosome misseg- 
regation has been predicted to be a major source 
of genetic instability with profound conse- 
quences for cancer (30). On the basis of its 
ftinction reported here, the simplest explanation 
is that tumor formation is the result of aneuploi- 
dy caased by defects in the sister-chromatid 
separation. In yeast, aneuploidy often occurs in 
mutants defective in sister-chromatid separation 
(6, 31, 32). Chromosome missegregation could 
lead to increases in the dosage of proto-onco- 
genes or loss of heterozygosity of tumor sup- 
pressors. Alternatively, tlie tumorigenic activity 
could result from an imknown function {21). 

Our results indicate that, despite the low 
level of coaservation among the securins, the 
basic process of chromatid separation is con- 
served in all eukaryotes. Identification of hu- 
man securin as an oncogene suggests that mis- 
regulation of chromatid separation may contrib- 
ute to the generation of malignant tumors. 
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Different Trajectories of 
Parallel Evolution During Viral 
Adaptation 

H. A. Wichman.^'*' M. R. Badgett,^ L A. Scott,^ C. M. Boulianne,^ 

J. J. Bull^'^ 

The molecular basis of adaptation is a major focus of evolutionary biology, yet 
the dynamic process of adaptation has been explored only piecemeal. Exper- 
imental evolution of Xv^o bacteriophage lines under strong selection led to over 
a dozen nucleotide changes genomewide in each replicate. At least 96 percent 
of the amino acid substitutions appeared to be adaptive, and half the changes 
in one line also occurred in the other However, the order of these changes 
differed between replicates, and parallel substitutions did not reflect the chang- 
es with the largest beneficial effects or indicate a common trajectory of 
adaptation. 



The wealth of molecular data now available 
reveals that genetic variation is virtually ubiq- 
uitous not only between species but also within 
species. Yet the extent to which this variation is 
adaptive is enigmatic. This question has taken 
on new importance as molecular data find in- 
creasing use to deduce the mechanism of drug 
resistance, monitor pathogen popiilations for 
incidence of resistance, and compare molecular 
responses to different drugs and treatment re- 
gimes. DNA sequence comparisons are com- 
monly used to address this question, because 
they carry legacies of their histories that may 
reflect adaptive change. For example, historical 
occurrences of adaptive evolution can some- 
times be recognized by the high rate of nonsyn- 
onymous to synonymous substitution in coding 
regions, which is a statistical landmark adaptive 
change (1-4). However, for two reasons, this 
statistical approach may be less useful for look- 
ing at contemporary adaptation of pests and 
pathogens. First, adaptive responses to strong 
selection may require too few changes at the 
molecular level to leave such "statistical 
tracks." Second, these methods reveal the oc- 
currence but not the identity of adaptive chang- 
es. Parallel evolution — the same change having 
evolved repeatedly and independently — is also 
regarded as evidence of adaptation and can 
reveal the identity of at least some adaptive 
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amino acid substitutions {5-8). In fact, parallel 
evolution is a standard criterion used to identify 
the amino acid substitutions responsible for 
drug resistance. Although some believe that 
organisms have too many degrees of freedom to 
allow this type of predictability, it is not out of 
the question that the short-term course of adap- 
tation in response to specific selective agents 
can be predicted, and tiie short-term course is 
the one most relevant to human health and 
infectious disease. It is thus important to deter- 
mine the extent to which parallel evolution 
allows us to predict the mechanisms and dy- 
namics of evolution. Here we assess the 
genomewide dynamics of evolution to examine 
the molecular basis for and process of adapta- 
tion in a viral population under strong selection. 

The single-stranded DNA bacteriophage 
4)X174 was adapted to high temperature and 
a novel host (Salmonella typhimurium) in a 
two-stage chemostat for about 1000 popula- 
tion doublings over 10 days. Methods were as 
described {9) except that the temperature was 
43.5'*C throughout the 10 days of selection. 

To guard against contamination, which 
could be misinterpreted as parallel evolution, 
we grew replicate lineages in our geographi- 
cally separated laboratories; we refer to them 
as the TX and ID replicates. The chemostats 
were sampled every 24 hours, and isolates 
from these daily samples were archived into 
microtiter plates for later analysis. Population 
sizes in the chemostats were typically in ex- 
cess of 10^ except during the first few days of 
the TX chemostat, when population sizes 
were closer to 10*. Our goal was to observe 
the process of adaptation in a very strong 



selective environment rather than to dissect 
responses to specific conditions in the envi- 
ronment. These conditions — large population 
size and strong selection are highly favor- 
able to adaptation. 

In previous experiments (9), we found 
that adaptation to these conditions resulted in 
over a dozen substitutions genomewide, with 
25 to 50% of them occurring in parallel be- 
tween any two replicates. On the basis of this 
parallel evolution alone, we concluded that 
substitutions were adaptive at more than one- 
third of die sites where differences were de- 
tected. However, the underlying dynamics of 
evolution and the extent of genetic differen- 
tiation within populations was unknown. At 
one extreme, substitutions might quickly 
sweep through the population to fixation, so 
that most genotypes in the population are 
very similar at any point in time; at the other 
extreme, there could be multiple competing 
genotypes present throughout the history of 
the population. Furthermore, it is not known 
to what extent high levels of parallel evolu- 
tion are a signature of similarity of adaptation 
at the phenotypic level. 

Adaptation to chemostat conditions was 
evident by massive improvements in phage 
growth rates at the high temperature <Fig. 1). 
Phage population growth rates were mea- 
sured as doublings of phage concentration per 
hour at 43 °C under defined conditions (9); 
this assay measures a major component of 
fitness in the chemostat but does not measure 
all relevant fitness components. The popula- 
tion grovnh rate of the ID replicate increased 
from -5 to 7.1 over the course of the 10 days 
of selection, with no gain detectable after day 
4. This corresponds to a 4000-fold improve- 
ment in the nimiber of descendants per hour. 
The population growth rate of the TX repli- 
cate increased from -5 to 12.5 (about 
18,000-fold) over the course of the 10 days of 
selection, with major improvements at several 
time points. A difference in correlated response 
to selection was also delected: ID lost its ability 
to plate on Escherichia coli C, whereas TX 
retained this ability. From this fitness evidence 
alone, it is obvious that both replicates accumu- 
lated changes but that they followed at least 
somewhat different pathways. 

The genetic basis of adaptation was stud- 
ted at both a nucleotide level and a population 
level over time. To identify substitutions at 
high ft-equency at the end of selection, we 
obtained complete genome sequences from 
polymerase chain reaction products amplified 
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Splitting the Chromosome: Cutting the 
Ties That Bind Sister Chromatids 

Kim Nasmyth/ Jan-Michael Peters, Frank Uhlmann 



In eukaryotic cells, sister DNA molecules remain physically connected 
from their production at S phase until their separation during anaphase. 
This cohesion is essential for the separation of sister chromatids to 
opposite poles of the cell at mitosis. It also permits chromosome segre- 
gation to talce place long after duplication has been completed. Recent 
worlc has identified a multisubunit complex called cohesin that is essential 
for connecting sisters. Proteolytic cleavage of one of cohesln's subunits 
may trigger sister separation at the onset of anaphase. 



Back to Basics: Chromosome 
Mechanics 

Instructions for the behavior of every cell 
in the bodies of wornis, flies, and humans 
will soon reside in public databases for all 
to read. A complete set of such instructions, 
packaged as chromosomes, is inherited by 
most cells in our body. Because of this, 
many if not most somatic nuclei in mam- 
mals are totipotent; that is, they are capable 
of programming all of mammalian devel- 
opment when injected into enucleated eggs 
(7), The cloning of Dolly had dramatic prac- 
tical consequences, but its feasibility was 
never improbable on theoretical grounds. 
How cells inherit two complete packages of 
the genome at each cell division is one of the 
most fundamental questions in biology (Fig. 
lA). 

Recent studies of the chromosome cycle 
have concentrated on control mechanisms, 
such as the crucial part played by cyclin- 
dependent protein kinases in triggering 
chromosome duplication and segregation 
(2) and surveillance mechanisms (check- 
points) that monitor the fidelity of these 
two processes (3). This focus on "control" 
is, however, a recent phenomenon. Earlier 
studies, largely cytological in nature, con- 
centrated on the mechanics of chromosome 
segregation (4-7). What, for example, was 
"the nature of the initial act of doubling of 
the spireme thread (chromosome)" (5, p. 
109), and how were the sister threads 
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moved to opposite poles of the cell during 
mitosis? 

The elucidation of DNA's structure large- 
ly answered the first of these questions (<?), 
and work on cytoskeletal proteins like tubulin 
and the spindle fibers assembled &om it has 
gone a long way toward solving the mystery 
of chromosome movement. In contrast, until 
recently the mechanisms by which sister 
chromatids are tied together after chromo- 
some duplication and then separated at the 
metaphase-to-anaphase transition was largely 
neglected, despite being equally crucial for 
the mitotic process (P). 

Importance of Sister Cohesion 

The ability of eukaryotic cells to delay 
segregation of chromosomes until long af- 
ter their duplication distinguishes their cell 
cycle from that of bacteria, in which chro- 
mosome segregation starts soon after the 
initiation of DNA replication {10). This 
temporal separation forms the basis for the 
cell cycle's partition into four phases — Gp 
S, G2, and M — and it has played a central 
role in the evolution of eukaryotic organ- 
isms. Meiosis, during which two rounds of 
chromosome segregation follow a single 
round of duplication, requires separable S 
and M phases. Furthermore, mitotic chro- 
mosome condensation, without which large 
genomes cannot be partitioned between 
daughter cells at cell division, would not be 
possible if chromosome segregation coin- 
cided with DNA replication. A gap between 
S and M phases therefore made possible the 
evolution of large genomes. It is sister 
chromatid cohesion that permits chromo- 
some segregation to take place long after 



duplication. Cohesion provides a memory 
of a duplication process that may have 
occurred long ago (up to 50 years in^the 
case of human oocytes) — a memory that 
defines which chromatids within a nucleus 
arc to be parted from each other at cell 
division. Were chromatids to drift apart 
before building a mitotic spindle, there 
would be no way for cells to determine 
whether chromatids were sisters (to be seg- 
regated to opposite poles) as opposed to 
being merely homologous chromosomes, a 
distinction that is crucial for all diploid 
organisms. 

The structures holding sister chromatids 
together are responsible for generating bi- 
laterally symmetrical chromosomes during 
mitotic divisions. The bilateral symmetry 
of chromosomes underlies the symmetry of 
the spindle apparatus and hence forms the 
basis for the exact and symmetrical parti- 
tion of chromosomes and the roughly equal 
partition of most other cell constituents at 
cell division. In addition, tying sister chro- 
matids together generates a centromere ge- 
ometry that favors the attachment of sister 
kinetochores to spindles that extend to op- 
posite poles. Only those kinetochore-spin- 
dle connections that result in tension are 
stabilized, which enables the chromosome 
alignment process to be proofread (7i). 
Despite its importance, the mechanism by 
which sister chromatids are tied together is 
still poorly imderstood. 

Chromatid Separation Independent of 
the Spindle Apparatus 

The chromatid separation process has also 
remained mysterious. It is an autonomous 
process that does not directly depend on the 
mitotic spindle (J, 7). This is most vividly 
seen in cells whose spindles have been 
destroyed by spindle poisons such as col- 
chicine. In many organisms, in particular in 
plant cells, the cell cycle delay induced by 
colchicine is only transient, and chromatids 
eventually split apart in the complete ab- 
sence of a mitotic spindle (72, 13) (Fig. 2). 
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Mitosis in the presence of colchicine or 
colcemid (known as c-mitosis) leads to the 
production of daughter cells with twice the 
normal complement of chromosomes. This 
process is routinely used for manipulating 
plant genomes and may contribute, to the 
therapeutic effects of Taxol in treating 
breast cancer. 

A Tense Period in the CelL Cycle 

Changes in the interaction between sister 
chromatids, as opposed to changes in the 
activity of spindle fibers, are thought to 
trigger the sudden movement of chromatids 
to the poles at the metaphase-to-anaphase 
transition. Destroying the spindle fiber that 
connects a chromosome to one pole by 
using ultraviolet (14) or laser microbeams 
(15) causes the entire chromosome (i.e., 
both chromatids) to move rapidly to the 
opposite pole. The implication is that sister 
chromatid pairs on the metaphasc plate are 
under tension. Sisters are being pulled 
away from each other by spindles attached 
to oppositely oriented sister kinetochores. 
The apparatus that will move chromatids to 




Sisters connected 
by cohesion 



Loss of cohesion 
disconnects sisters 



Fig, 1. The metaphase-to-anaphase transition. 
(A) Light micrographs of mitotic figures in en- 
dosperm of the African blood lily Haemanthus 
katherinae Bale Microtubules are stained in red 
and chromosomes in blue. In metaphase (left), 
centromere regions are aligned on the spindle 
equator, whereas In anaphase (right), the arms 
of separated sister chromatids trail behind cen- 
tromere regions, which move poleward. Bar, 10 
M-m. (Reprinted from [97) with permission] (B) 
A model depicting how cohesion structures (red 
dots) physically connect sister ^ chromatids 
(Ught blue) during metaphase. Cohesion antag- 
onizes the pulling forces exerted by spindle 
miaotubules (green) on kinetochores (dark 
blue). During anaphase, loss of cohesion liber- 
ates sister chromatids for poleward movement 



the poles during anaphase is therefore al- 
ready engaged during metaphase. Meta- 
phase is therefore viewed as a state of 
equilibrium in which traction exerted on 
kinetochores by spindle fibers is opposed 
by cohesion between sister chromatids 
(Fig. IB) (7). 

Loss of sister chromatid cohesion would 
therefore be sufficient for the sudden 
movement of chromatids to opposite poles 
at the metaphase-to-anaphase transition. 
According to this hypothesis, a specific 
apparatus binds chromatids together during 
replication, holds them in an orientation 
that facilitates the attachment of sister ki- 
netochores to spindles extending to oppo- 
site poles, and resists the splitting force thai 
results from this bipolar attachment to the 
spindle. Destruction of this specialized co- 
hesive structure triggers movement of chro- 
matids to opposite poles at the onset of 
anaphase. 

In the absence of molecular details, this 
notion has remained a working hypothesis 
only. Indeed, until recently there has been 
little direct evidence that chromosome sep- 
aration is due to the loss of cohesion as 
opposed to the onset of chromatid repulsion 
(7, 16). An affinity between sister chroma- 
tids might be sufficient to resist their ten- 
dency to be split by spindle forces up to and 
during metaphase. Anaphase could be trig- 
gered by a repulsive force that overcomes 
the sister's "natural" affinity. The notion 
that the midzone of anaphase spindles [or 
Belar's Stemmkorper (7 7)] might exert this 



Fig. 2. Sister chroma- 
tid separation does 
not depend on the mi- 
totic spindle. Light mi- 
crographs of mitosis in 
living flattened en- 
dosperm from H. 
katherinae Bak treated 
with colchicine (c- 
mitosis). The micro- 
graphs were talcen at 
10-min intervals. Bar, 
10 jtm. (Reprinted 
from (72) with permission] 



repulsion is now discredited, but- unknown 
repulsive forces may yet lurk in the crev- 
ices between sisters. 

Ties That Bind Chromatids Together 

In many organisms, the regions around cen- 
tromeres have a special role in holding sister 
chromatids together during metaphase. 
Flourescence in situ hybridization shows that 
most sister DNA sequences separate from 
each other (at least a short distance) soon 
after DNA replication (18). Nevertheless, sis- 
ter chromatids usually do not acquire mor- 
phologically separate axes until prometa- 
phase, well after the onset of chromosome 
condensation. Human chromosomes, for ex- 
ample, appear as undivided "sausages" dur- 
ing prophase even though they are already 
highly condensed (19) (Fig. 3A). When sister 
chromatid arms eventually emerge as sepa- 
rate entities during prometaphase, sister cen- 
tromeric sequences still hug each other in a 
compact embrace known as the central con- 
striction (Fig. 3, B and C), When late-mitotic 
events are inhibited by treatment with spindle 
poisons, separation of arm sequences contin- 
ues while that of centromeres is blocked {20), 
The consequence is sister chromatid pairs 
connected only at centromeres, which though 
an artefact of drug treatment, is a classic 
image of mitotic chromosomes. 

The robust cohesion at centromeres may 
be due more to their heterochromatic nature 
than to their ability to form attachments to 
the mitotic spindle. Other heterochromatic 
chromosome domains, like the entire Y 





Fig. 3. Chromosome arms begin to separate in prometaphase. Scanning electron miaographs of 
human chromosomes isolated from cells in prophase (A), prometaphase (B). metaphase (C). and 
earty anaphase [inset in (C)]. Bar, 1 ^m. [Reprinted from (79) with permission) 
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chromosome in flies» also remain tightly 
stuck together during mitotic arrest (21), A 
relation between heterochromatin and 
stickiness is also seen during normal mito- 
ses. Human chromatid pairs move to the 
poles during anaphase with different kinet- 
ics, and the laggards are invariably chro- 
mosomes with the greatest amount of cen- 
tromeric heterochromatin (22), 

Despite the extra stickiness of centro- 
meres, it is often this region which splits first 
at the onset of a normal anaphase. Traction 
exerted at centromeres peels sisters apart, 
with distal regions of chromosome arms be- 
ing the last to separate (5, 20). In several 
organisms, including budding yeast (23, 24\ 
diatoms (25), and the crustacean Ulophysema 
dresundense (26), sister centromeres are 
pulled most of the way to the poles even 
during mctaphasc, long before arm sequences 
separate, in these organisms, it appears that 
loss of cohesion along chromosome arms and 
not at centromeres is what triggers anaphase 
(20). 

Despite these valuble insights, over a cen- 
tury of cytological observation has shed little 
light on the identity of the sister chromatid 
cohesion apparatus. In the absence of a bio- 
chemical approach, one way forward was 
inspired guesswork. Once it appeared likely 
that chromosomes contained one double- 
stranded DNA molecule, it was proposed that 
the central constriction might be due to the 
late replication of centromeric DNA. Howev- 
er, pulse-labeling experiments suggest that 



Fig. 4. Cohesin and 
friends. (A) A model 
illustrating how yeast 
proteins required for 
cohesion connect sis-, 
ter chromatids during 
DNA replication and 
maintain this associa- 
tion until the onset of 
anaphase. (B) Electron 
micrographs of ho- 
modrmers of the Ba- 
alius subtUis SMC pro- 
tein. Three commonly 
observed conforma- 
tions are shown. Bar. 
20 nm. (Reprinted 
from [63] with per- 
mission] (C) A specu- 
lative model for how 
cohesin might join sis- 
ter chromatids to- 
gether, which is based 
on the premise that 
cohesin forms large 
supercoiled loops an- 
alogous to those pro- 
posed for condensin 
(shown alongside). 



little or no DNA is replicated during mitosis 

(27) . Another ingenious idea is that sister 
chromatids are held together by the intertwin- 
ing (catenation) of sister DNA molecules that 
arises when two replication forks converge 

(28) . According to this notion, increased to- 
poisomerase II (Topo II) activity triggers the 
final decatenation of sister DNA molecules at 
the onset of anaphase. Though Topo II is 
clearly essential to disentangle chromatids 

(29) , there is evidence for an independent 
cohesion apparatus. First, circular mini-chro- 
mosomes in yeast are held together in no- 
codazole-treated cells without any inter- 
twining of sister molecules (30). Second, 
centromeres (though not entire chromo- 
somes) disengage from each other and 
move to the poles in the absence of any 
detectable Topo II activity in fission yeast 
(31), Third, addition of Topo II inhibitors 
to mammalian cells in metaphase fails to 
block separation of sister centromeres at 
the onset of anaphase (32y 33), 

Cohesin and Its Friends 

Genetics is the method of last resort when 
other approaches reach their limits. The 
identification of mutants such as desynaptic 
in maize (34) and MeiS332 in Drosophila 
(35, 36), in which sister chromatids dis- 
sociate prematurely during meiosis, provid- 
ed the first inkling that sister chromatid 
cohesion might be mediated by special 
proteins (37). Despite its important role 
during meiosis, MeiS332 is dispensable 




Cohesin 



for mitotic divisions and is therefore un- 
likely to be a universal component of the 
cohesion apparatus. 

Genetic studies in yeast have meanwhile 
uncovered a multisubunit complex called co- 
hesin that is essential for sister chromatid 
cohesion not only in yeast (38) but also in 
vertebrates (39). An important breakthrough 
in the identification of cohesin was the dis- 
covery that proteolysis (40), mediated by a 
ubiquitin protein ligase responsible for de- 
stroying mitotic cyclins (41, 42), is needed 
for sister chromatid separation. This ligase, 
known as the anaphase-promoting complex 
(APC) or cyclosome (43), was initially 
thought to mediate proteolysis of cohesion 
proteins. Its role in sister chromatid separa- 
tion turns out to be less direct; it in fact 
mediates destruction of an inhibitor of the 
sister-separating apparatus (44-47). Never- 
theless, the premise that the APC destroyed 
cohesion proteins provided a new impetus to 
the search for proteinaceous bridges connect- 
ing sister chromatids. Screens for mutations 
that permitted separation of sister chromatids 
in cells lacking APC activity have now iden- 
tified at least eight proteins essential for sister 
chromatid cohesion (38, 48-51). Remark- 
ably, the function of all these proteins seem to 
be intimately connected (Fig. 4A). 

Foxu- of these proteins, Smcl, Smc3, Sccl 
(also called Mcdl and Rad21), and Scc3, 
form a multisubunit complex called cohesin 
(38, 39). Indeed, Mcdl/Sccl was indepen- 
dently isolated as a dosage suppressor of an 
Smcl mutation (49). All four cohesin sub- 
units are required both for establishing cohe- 
sion diuing S phase and (at least in yeast) for 
maintaining it until the onset of anaphase. 
Two other proteins, Scc2 (Mis4) and Scc4, 
form a separate complex that is required for 
the association of cohesin with chromosomes 
(52), Cohesin binds to specific chromosomal 
loci (including centromeres) for much of in- 
terphase (53-55), but it can only establish 
cohesion between sister chromatids during 
DNA replication, possibly when sister DNA 
molecules emerge from replication forks 

(56) , Establishment of sister cohesion is 
therefore an integral part of S phase. 

Another protein, Spo76, is required for 
orderly sister chromatid cohesion in Sordaria 

(57) , a genus of fimgi. Spo76 has homologs 
in many organisms, called Pds5 in budding 
yeast (58) and BimD in Aspergillus nidulans 
(59). It is not yet understood how Spo76/Pds5 
cooperates with cohesin. In budding yeast a 
protein called Ecol or Ctf7 is essential for 
establishing cohesion during S phase but not 
for maintaining it during Gj or M phases (38, 
51). Its fission yeast homolog Esol is also 
required for establishing sister chromatid co- 
hesion (60). Of all known cohesion proteins, 
the cohesin complex may lie at the heart of 
the cohesion process because cleavage of one 
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of its subunits is essential for the separation 
of sister chromatids, at least in yeast (61). 
Xenopus cohesin is also needed for proper 
sister chromatid cohesion (39). Nevertheless, 
it is still uncertain how, or indeed whether, 
cohesin holds sisters together during meta- 
phase in animal cells, as most of it dissociates 
from chromosomes by prometaphase {39), It 
is therefore possible that other important 
players remain to be identified. 

Two cohesin subunits, Smcl and Smc3, 
are members of a large family of related 
proteins whose evolution predates the split 
between eukaryotes and bacteria {62). All 
Smc proteins have related globular domains 
at their NHj- and COOH-termini, joined by 
two long stretches of ct-helical coiled-coil, 
which are linked by a central flexible hinge. 
Bacterial Smc proteins form antiparallel ho- 
modiraers whose terminal globular domains 
are proposed to form an active adenosine 
triphosphatase (ATPase). The flexibility of 
the hinge region allows the Smc homodimer 
to adopt either a V or a linear shape (Fig, 4B) 
(di). It remains to be seen whether cohesin 
contains an Smcl/Srac3 heterodimer or Smcl 
and Smc3 homodimers. 

Little is known about the properties of 
cohesin in vitro, except that fragments from 
the COOH-terminal domain of Smc3 and its 
coiled-coil region can bind DNA {64). Smcl 
and Smc3 belong to a subfamily of eukary- 
otic Smc proteins, which includes Smc2 and 
Smc4. The latter two proteins are compo- 
nents of the condensin complex, which is 
necessary for mitotic chromosome condensa- 
tion {65-67). Condensin possesses ATPase 
activity and is capable of forming large su- 
percoiled loops by introducing a global pos- 
itive writhe {68y These positive supercoils 
might be the driving force for mitotic chro- 
mosome condensation. The presence of a pair 
of Smc proteins in both condensin and cohe- 
sin suggests that these two complexes might 
have similar although not identical activities. 
Cohesin might, for example, introduce large 
constrained supercoils, like those produced 
by condensin, at equivalent positions on each 
sister chromatid. The Sec I subunit of cohesin 



might help link together equivalent coils from 
each sister (Fig. 4C). An ability to coil chro- 
mosomes would explain how cohesin con- 
tributes to chromosome compaction {49). 

In animal cells, condensin binds to chro- 
mosomes at about the same time that most 
cohesin dissociates from them {39), between 
prophase and prometaphase. It is possible 
that condensin *s ability to condense chromo- 
somes as cells enter mitosis depends on the 
prior dissociation of most cohesin. The con- 
nections between sister DNA molecules 
might otherwise interfere with the locally 
processive coiling of each chromatid on it- 
self Cohesin could also contribute to chro- 
mosome compaction during interphase and 
early stages of mitosis by providing longitu- 
dinal links along chromatids as well as hori- 
zontal ones between sisters {49). 

Securin: A Protein Whose Destruction 
by the APC Controls Sister Chromatid 
Separation 

Destruction of mitotic cyclins occurs at or 
shortly before sister chromatid separation but 
is not required for this process {40 , 69), The 
discovery that the ubiquitin protein ligase 
responsible for destroying cyclins was also 
required for separating sister chromatids {41) 
led to a hunt for other APC targets whose 
destruction might be necessary for sister sep- 
aration. Two candidates soon emerged: Pdsl 
from budding yeast and Cut2 from fission 
yeast. Destruction of Pdsl and Cut2 proteins 
at the onset of anaphase depends on APC and 
is essential for sister chromatid separation 
{44-46). Although these two proteins have 
rather dissimilar primary sequences, it ap- 
pears that they are members of a class of 
anaphase-inhibitory proteins existing in all 
eukaryotes and now called securins because 
of their role in controlling the onset of sister 
separation (Fig. 5), 

The human securin protein {70) is over- 
produced in many tumor cells {71) and is 
thought to be an oncogene (72). Increased 
securin levels might cause missegregation of 
chromosomes and thereby facilitate genome 
instability. A possible candidate for the se- 



Fig. 5. The APC-separin pathway. 
A model illustrating how APC^**^ 
initiates anaphase through the ac- 
tivation of separin and subsequent 
cleavage of a cohesin subunrt 
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curin homolog in Drosophila is the pimples 
protein, which like yeast and vertebrate se- 
curins is destroyed at the metaphase-to-an- 
aphase transition {73). In budding yeast, Pdsl 
is only essential for proliferation at high tem- 
peratures {74\ and its elimination permits 
sister separation in the absence of APC ac- 
tivity {44, 47). So, destruction of secunn 
might be the APC*s sole role in the triggering 
of sister separation, at least in yeast. 

Separin: An Endopeptldase Necessary 
for Separating Chromatids? 

The budding yeast securin has what appears to 
be a single stable partner, a 180-kD protein 
called Espl (47). In fission yeast, Cut2 had 
previously been found to be associated with 
Cutl, an Espl homolog (75). Vertebrate se- 
ciuins are likewise associated with an Espl 
homolog {70). Espl /Cutl -like proteins, now 
known as separins, are found in most if not all 
eukaryotes. They are usually large proteins, 
with molecular sizes from 180 to 200 kD, con- 
taining a conserved COOH-tenninal "separin" 
domain. In budding yeast {47, 76% fission yeast 
{75)y and Aspergillus {77X separms are essen- 
tial for sister chromatid separation. Despite fail- 
ing to separate sister chromatids, separin mu- 
tants proceed with most if not all other aspects 
of the cell cycle. It has beoi proposed that 
separins are dedicated "sister-separating" pro- 
teins whose activity is held in check by iieir 
association with securins. According to this hy- 
pothesis, the APC mediates sister chromatid 
separation by liberating separin fix>m its inhib- 
itory embrace by securin (Fig. 5) {47). 

A clue to the mechanism by which separin 
splits sister chromatids was the observation that 
in budding yeast (contrary to most other eu- 
karyotic cells) most Sccl remains bound to 
chromosomes until the met^hase-to-anaphase 
transition {48). The dissociation of Sccl from 
chromosomes at the onset of anaphase depends 
on separin {47) and is accompanied by the 
proteolytic cleavage of Sccl, both in vivo and 
in vitro {61). Separin induces Sccl cleavage at 
two related sites, each with an arginine in the P 1 
position. Mutation of either arginine to aspartic 
acid abolishes cleavage at ^t site but is not 
lethal to the cell. However, simultaneous muta- 
tion of both sites is lethal and prevents both 
sister chromatid separation and SccTs dissoci- 
ation from chromosomes {61). Similar potential 
cleavage sites are found in Rad2l, the frssion 
yeast Sccl homolog, and their simtiltaneous 
(but not single) mutation also blocks chromo- 
some segregation {78). Cleavage of cohesin's 
Sccl subunit might therefore be a conserved 
feature of sister chromatid separation, at least in 
fungi (Fig. 5), 

With the recent addition of several other 
separins to the databases, the conserved ami- 
no acid residues within the separin domain 
have been identified. They include a univer- 
sally conserved histidine and cysteine resi- 
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due, which is a hallmark of cysteine endopep- 
tidases (79). The sequences flanking these 
two residues are characteristic of cysteine 
endopeptidases of the CD subclass, which 
includes caspases, legumains, and two bacte- 
rial proteases, gingipain and clostripain, (80), 
Thus, separin might indeed be the protease 
that cleaves Sccl. Whether cohesin's Sccl 
subunit is the sole target of separin is pres- 
ently unclear but certainly possible, for the 
only other yeast protein to contain good 
matches to the Sccl/Rad21 consensus is 
Rcc8, a related protein that replaces Sccl in 
the cohesin complex during meiosis {81). It 
will be crucial to address whether cleavage of 
Sccl alone is sufficient to trigger anaphase in 
yeast and whether sister separation in animal 
and plant ceils also depends on cleavage of 
cohesion proteins. 

The proposed COOH-terminal catalytic 
domain of separin depends (at least for in 
vivo activity) on a long NHj-terminal do- 
main, which is bound by its inhibitory securin 
chaperonc (82). Securin must do more .than 
just inhibit separin, because sister separation 
fails to occur in cut2 (75) and pimples (73) 
mutants and is inefficient in pdsl securin 
mutants (47). Securin might either target se- 
parin to its future sites of action in the cell or 
help separin adopt a potentially active con- 
formation, which is only unleashed on the 
cell when securins are destroyed by the APC. 

Cutting the Cordian Knot 

Could proteolytic cleavage of a cohesin sub- 
unit really be a universal trigger for sister 
separation? If so, how does one explain the 
dissociation of the bulk of cohesin from chro- 
mosomes during prometaphase in organisms 
other than yeast (39)7 In vertebrates, this 
process clearly occurs in the absence of APC 
activity and is therefore presumably not due 
to separin activity (83), The implication is 
that two separate pathways must exist for 
removing cohesin from chromosomes: one, 
thus far detected only in yeast, involving 
Sccl cleavage at the metaphase-to-anaphase 
transition; and a second, possibly absent in 
yeast, that removes cohesin from chromo- 
somes during prometaphase in the absence of 
cleavage (Fig. 6). It is of course possible that 
Sccl is simply not cleaved at all by separin in 
animal ceils and that some as yet unidentified 
cohesion protein that does indeed persist on 
chromosomes until metaphase is separin*s 
true target. Given the conservation of cell 
cycle mechanisms, it seems more likely that 
eukaryotic cells in fact possess both the 
cleavage and noncleavage cohesin-removal 
pathways and that separin *s target is a resid- 
ual amount of Sccl associated with meta- 
phase chromosomes, in particular in centro- 
meric regions. Consistent with this hypothe- 
sis, a small fraction of cohesin remains asso- 
ciated with metaphase chromosomes in 



human cells, and a similar fraction of Sccl is 
cleaved around anaphase (84). Let us there- 
fore explore this working hypothesis further, 
bearing in mind that what applies to cohesin 
could equally apply to other as yet unidenti- 
fied cohesion proteins. 

The noncleavage pathway would remove 
most cohesin during pmphase/prometaphase 
by an as yet obscure mechanism. This path- 
way could involve phosphorylation of a co- 
hesin subunit by mitotic protein kinases, be- 
cause vertebrate cohesins rebind to chromatin 
in telophase when mitotic kinases are inacti- 
vated and chromosomes decondense (39). 
The dissociation of cohesin from chromatin 
during prophase coincides with, but does not 
depend on, the association of condensin with 
chromosomes. This first phase of cohesin 
removal may be crucial (possibly along with 
the arrival of condensin) for the initial split- 
ting of chromosomes into two morphologi- 
cally separable chromatids. 

Although it commences during prophase, 
the noncleavage pathway possibly does not 
complete its task before separins are activated 
after congression of all chromatid pairs to the 
metaphase plate. This would explain why 
cohesion between chromosome arms is the 
last to be peeled away during undisturbed 
mitoses and why arm cohesion appears to be 
sufficient for orderly chromosome segrega- 
tion when centromeric cohesion has been de- 
stroyed by a laser beam (20). Nevertheless, 
given sufficient time, the noncleavage path- 
way is capable of removing all cohesin from 
chromosome arms, which explains why sister 
chromatid arms fully separate whereas cen- 
tromeres rernain connected in cells treated 
with spindle poisons (J3) or in Drosophila 



mutants lacking either the APC activator 
Fi2zy/Cdc20 (21) or the putative securin pim- 
ples (Fig. 6B) (73). 

According to our hypothesis, something 
prevents the fiill removal of cohesin from 
heterochromatic regions, including all centro- 
meres, where the interfece between sister 
chromatids during metaphase is far more ex- 
tensive than along chromosome arms (85, 
86). The fmal disentanglement of sister chro- 
matids can only be achieved by cleavage of 
the "gordian knof ' by separin. If as proposed 
by this hypothesis, cleavage of Sccl -like pro- 
teins is crucial for the fmal act of sister 
separation in all exikaryotic cells, this Achil- 
les heal of the cohesion system deserves a 
nobler name ("gordin," for example) than the. 
current ragbag of three-letter words inherited 
from different organisms. It is currently un- 
clear what property of hcterochromatin might 
protect cohesin (or other cohesion proteins 
for that matter) from the noncleavage disso- 
ciation pathway during metaphase. It is pos- 
sible that the fairly widespread pathological 
phenomenon of premature centromere divi- 
sion (87\ which is thought to cause aneuploi- 
dy and is found in patients w^ith Roberts 
syndrome (55), might be caused by centro- 
meric cohesion becoming susceptible to the 
noncleavage pathway. 

Controlled Cutting 

As Mazia noted in 1961, "metaphase strikes 
us as an intermption of the flow of events, 
during which the mitotic apparatus is waiting 
for something to happen" and that *'chrorao- 
somc splitting can be viewed as an event 
timed by a signal given by the cell and one 
that that does not depend on the mitotic ap- 



Prophase 
pathway 

7 



i 



Condensin 



Anaphase 
pathway 

Sepann 




no b;;c I 



Scc.l 



Prophase 



Metaphase 



Anaphase 




Fig. 6. (A) A two-step model for the 
sequential loss of sister chromatid co- 
hesion in animal cells. The bulk of 
cohesion proteins may be removed 
from condensing chromosomes during 
prophase by a separin-lndependent 
pathway, which might involve mitotic 
kinases such as Cdkl, Polo, and Auro- 
ra. Activation of the separin pathway 
then initiates anaphase by deaving 
residual cohesion proteins that remain 
on chromosomes, in particular at cen- 
tromeres. (B to D) Mitotic chromo- 
somes from wild-type Drosophila cells 

(B) and pimples mutant cells after one 

(C) and two (D) rounds of re-replica- 
tion after possible failure of the sepa- 
rin pathway. [Reprinted from (73) 
with permission] Chromatids of auto- 
somes are held together solely in peri- 
centric heterochromatic regions but 
along the entire Y chromosome [Inset 
in (C)). Bar, 5 njn. 
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paratus" (7. p. 233). Mazia's "signal" is pre- 
sumably the liberation of separin from its 
inhibition by securin. If so, what initiates this 
process? Time-lapse photography of mitosis 
supplied the answer: "Chromosomes that 
have already reached the equator wait for 
chromosomes delayed at one pole" (i.e., 
those that have not yet formed bipolar attach- 
ments to the spindle) "and only when the 
metaphase plate contains all the chromo- 
somes does anaphase begin" (7, p. 268). This 
is a fairly clear description written over 40 
years ago of the chromosome-alignment sur- 
veillance mechanism, which is also called the 
spindle assembly checkpoint (89). In most, 
but not all, eukaryotic cells, unaligned or 
lagging chromosomes transmit a signal by 
way of the protein Mad2, which inhibits the 
APC and its activator protein Cdc20 and 
thereby prevents the proteolysis of both B- 
type cyclins and securins. It is the block to 
securin destruction that prevents Sccl cleav- 
age and thereby sister chromatid separation 
(Fig. 5) (90). 

The Mad2 pathway is thought to be 
essential for regulating mitosis in somatic 
cells of many organisms. In its absence, 
chromatin bridges, lagging chromosomes, 
and chromosome fragmentation are ob- 
served during anaphase (91). Most tumor 
cells are highly aneuploid and moreover 
have unstable karyotypes, which might be 
caused by defects in the Mad2 pathway 
(92). Nevertheless, destruction of securin 
by the APC is tightly regulated by mecha- 
nisms that are independent of Mad2. These 
involve the accumulation of Cdc20 protein 
only as cells enter mitosis (93 , 94) and 
phosphorylation of APC by mitotic kinases, 
which enables the complex to respond to 
Cdc20 (95, 96). Strikingly, sister chromatid 
separation remains tightly regulated in bud- 
ding yeast mutants lacking securin (90)y 
suggesting that other mechanisms regulate 
cleavage of Sec 1 . 

Summary 

The veil of mystery surrounding the sister 
separation process for over a century is final- 
ly lifting. There is now convincing evidence 
ttiat the sudden movement of chromosomes 
to the poles at the onset of anaphase is trig- 
gered by cleavage of specific sister chromatid 
cohesion proteins. Future research must ad- 
dress the structural basis of cohesion and how 
it is established only at replication forks. It 
must also address the generality of mecha- 
nisms that dismantle cohesion at the met- 
aphase-to-anaphase transition and how mis- 
takes in this process contribute to himian 
disease. 
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